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Since 1973, a research project on webs for cold-formed steel 
flexural members has been conducted at the University of Missouri-Rolla 
under the sponsorship of American Iron and Steel Institute. This study 
deals with the structural behavior of beam webs subjected to bending 
stress, shear stress, combined bending and shear, web crippling and the 
effect of bending on web crippling load. In addition, it includes a 
study of beam webs reinforced by either transverse or longitudinal 
stiffeners. 
This report presents the research findings on longitudinally 
reinforced cold-formed steel beam webs. The results obtained from the 
study of beam webs subjected to other types of stress and the combinations 
thereof are presented in some other reports of the University of Missouri-
Rolla referred to in the bibliography. 

TABLE OF CONTENTS 
LIST OF ILLUSTRATIONS •••.•••••••.•.•••••••..•••..•••••••••.•••.•.. 
LIST OF TABLES .............................................................................................. .. 
I .. INTRODUCTION ........................................................................................ .. 







B. Purpose of Investigation............................. 2 
C. Scope of Investigation............................... 2 
I I • LITERATURE SURVEy........................................ 4 
A .. General... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 4 
B. Behavior of Plates and Beam Web Elements Subjected to 
Bending Stress.............................................................................. 4 
C. Behavior of Plates and Beam Web Elements Subjected to 
Shear Stress........ .... .... .. .. .... .... .... .... .. .. .. .. .... .. .. .. .. .. .. .. .. .... .. .. .... .. .. .. 9 
D. Web Crippling Strength of Longitudinally Reinforced 
Beam Webs.......... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 14 
E. Current Design Criteria.............................. 17 
III. STRUCTURAL BEHAVIOR OF LONGITUDINALLY REINFORCED BEAM 
WEBS SUBJECTED TO BENDING.... • • • • • • • • • • • . • • •. . . • • . • • • • • • • 20 
A. General............. .. .. .. .. .. .. .. .. .... .. .. .. .. .... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 20 
B. Analytical Study.. •• • • • • •• . • • • • . . . . • • • • . . • • • • • • • • . . • . 20 
C. Experimental Investigation........................... 22 
1. Preparation of Beam Specimens............... ..... 23 
2. Testing of Beam Specimens..... •. •• • • • . • • • . • . • • • . • 24 
3. Results of Tests.................................................................. 26 
4. Evaluation of Tes t Data.......................... 27 
5. Development of Design Methods............... .•••• 33 
D. Summary and Design Recommendations •••••••••••••• ••••• 
l. 
2. 
S \l11lma ry ..... " " . " ..... ., ... " ........... " " ..... " .... . 
Design Recommendations ....... " ....... " ........ ,,·.· 











General .. ,." . " " " " ..... " " ...... ., " " .. " .... " " " ..... " " . " .. 
Artalytical Study" ...... "."."."." ....... ""." ... " .... " .. 





Preparation of Beam Specimens •••••••••••••••••••• 
Testing of Beam Specimens •••••••••••••••••••••••• 
Results of Tests"" •...•••• " .•••. " ••• "." ••.•.• ""." 
Evaluation of Test Data •••••••••••••••••••••••••• 
Summary and Design Recommendations ••••••••••••••••••• 
V. WEB CRIPPLING STRENGTH OF LONGITUDINALLY REINFORCED BEAM 
VI. 





Gene ral .... " . " ..... " " " " ...... " · .... " .. " .... " . " .. " .. " . 
Analytical Study ••.••••••••••• · ....... " " ........ " ... . 





Preparation of Beam Specimens ••• ................. 
Testing of Beam Specimens. · ..................... . 
Results of Tests ................ . ................ 
Evaluation of Test Data •••••••••••• 
Summary and Design Recommendations •••••••••.•••••••.• 
CON CLUS IONS ............. ,. .............................. . 



















Webs. . . • • • • • • . • . • • • • . . • . . • • • • • . . . • . • • • • • • • • • • • • • • • • • • 64 
B. Shear Strength of Longitudinally Reinforced Beam Webs 64 
C •. Web Crippling Strength of Longitudinally Reinforced 
v 
Page 
Beam Webs. .. . • • . • . . . . • . • • . • . .. . • .. . • .. . .. .. .. • . .. • . .. .. .. .. . • . .. . • 65 
ACKNOWLEDGMENTS. .•••• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 66 
BIBLIOGRAPHY.. . . .. . .. .. .. .. .. .. .. . . .. .. . . . .. . . . .. . .. .. .. .. .. .. .. .. .... .. .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. .. 67 






LIST OF ILLUSTRATIONS 
Typical Sections for Longitudinally Reinforced Beam 
Specimens .......... " " " " " " " " " " " " " " " " " . " " " " " " " " " " " " " " " " " " " " 
Longitudinally Stiffened Plate Element under Pure Bending 





Longitudinal Stiffeners.................................. 105 
4 Variation of Buckling Coefficient Versus Stiffener 
Rigidity for Simply Supported Longitudinally Stiffened 
Plates ................................................... 106 
5 Variation of the Maximum Buckling Coefficient Versus the 
Location of Longitudinal Stiffeners..... ••.. •••••••••••.• 107 
6 Variation of the Required Minimum of Stiffener Rigidity 
Versus the Aspect Ratio of Simply Supported Stiffened 
Plates"" " " "" " " " " " " "" " " "" " " "" "" " " "" "" "" " " " " "" " " "" "" " " "" ." " 108 
7 Typical Longitudinally Stiffened Plate Girder Web Panel •• 109 
8 Buckling Coefficient for Simply Supported Plates under 
Partial Load on One Edge................................. 110 
9 Typical Trapezoidal Shape Sections with Longitudinal 








Dimensions of Channel Section Specimens ••.••.•••. •••••••. 
Dimensions of Hat Section Specimens ••• ••••••.•.•••..••.•• 
Bending Test Setup."""""""""""""""""""""""""""""""""""""" 
Photograph of Bending Test Setup ••••••..•.••••••••••••.•• 
Location of Strain Gages for Bending Test Specimens ••••• 
Details of Vertical Roller to Prevent Lateral Movement ... 











17 Data Acquisition System and Paper Tape Punch •••••••••.•.•. 119 
18 Lateral Deformation Measurement Unit •.•.•••.••••• •••••·••• 120 
19 Data Reduction System ...••••••••••••..• ••••••••••••••••·•• 121 
20 Photograph of Failure Pattern for Bending Test Specimens 
(Channel Sections) •.•.....•••••••••••••••.•••• •••••••·•••• 122 
21 Photograph of Failure Pattern for Bending Test Specimens 
(Hat Sections) .............. " .......... ···,,··············· 
22(a) Web Profile of Bending Test Specimen No. B-4c-1 at 0/10 ••• 
22(b) Web Profile of Bending Test Specimen No. B-4c-1 at 0/5 •••• 
22(c) Web Profile of Bending Test Specimen No. B-4c-1 at 70/10 •• 
22(d) Web Profile of Bending Test Specimen No. B-4c-1 at 0/2 •••• 
22(e) Web Profile of Bending Test Specimen No. B-4c-1 at 30/4 •.• 
22(f) Web Profile of Bending Test Specimen No. B-4c-1 at 
Cross Section a-a .............. 0" •••••••••••••••••••••••••• 
23 Effect of Longitudinal Stiffener Rigidity on the Ultimate 








(hi t=200) .................................... e" • • • • • • • • • • •• 130 
24 Effect of Longitudinal Stiffener Rigidity on the Ultimate 
Moment Capacity of Longitudinally Stiffened Beam Webs 
(hI t=27S). . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .. 131 
25 Effect of Longitudinal Stiffener Rigidity on the Ultimate 
Moment Capacity of Longitudinally Stiffened Beam Webs 






Hending Stress Di.strlbution i.n the Web of Specimen 
B-8<1-1. . .. .. .. .. .. .. .. .. .. .... .. .. .. .. .. .. .. .... .. .. . . .. . IJJ 
Relationship Between I o /t
4 and ~ ~ for Beam Member with 
t y 
Adequate Longitudinal Stiffeners......................... 134 
28 Relationship Between A and (h/t)/F Ik for 
test y 0 
Reduction of Flange Stress............................... 135 
29 Relationship Between A and (w/t)/(w/t)1i test m 
for Reduction of Flange Stress............ ••..•.•.•..•..• 136 
30 Relationship Between the Tested Postbuckling Strength and 
hit Ratio................................................ 137 
31 Relationship Between the Tested Postbuckling Strength and 
(w / t) / (w / t) 1 . Rat io . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 
1m 
32 Relationship Between the Tested Postbuckling Strength and 
F 133 .•••••••••••••••••••••••••••••••••••.•••••.•.•.••• 139 Y •• 
33 Correlation Between the Computed and Tested Postbuckling 
Strength Factor............... .. .. .. .. .. . . . . .. . . .. . . . . .. . 140 
34 Cross Section Dimensions for Shear Test Specimens ..•.•.•. 141 
35 Location of Strain Gages for Shear Test Specimens •.••..•. 142 
36 Shear Test Setup-A ...................................... . 143 
37 Shear Tes t Se tup-B ...................................... . 144 
38 Shear Test Setup-C ..•••••.••••••.••.•.••••.•..•.....••••• 145 
39 Shear and Moment Diagrams for Various Shear Test Setups •• 146 
40 Photograph of Shear Test Setup ••••••••••••••••••.•••••••. 148 
41 Shear Stress Distribution in Webs ••.•••••.•••.•.•••••.••• 149 
42 Typical Failure Pattern of Longitudinally Stiffened Shear 




Photograph of Failure Pattern for Shear Tests ••••.••••••••• 




Cross-Sec t ion a-a ...................... ·.·················· 152 
44(b) Web Profile of Shear Test Specimen No. SH-7-1 at 
Cross Section b-b .............................. ···.········ 153 
44(c) Web Profile of Shear Test Specimen No. SH-7-1 at 
Cross Section c-c ••.•.•••••••••••••.••••••.• •.•·•••••··•••• 154 
44(d) Web Profile of Shear Test Specimen No. SH-7-1 at 
Cross Section d-d .•••.••••••••••.••••••••••••.••••••••••••• 155 
44(e) Web Profile of Shear Test Specimen No. SH-7-1 at 
Cross Section e-e ••.•.••••.•••••••••••••••••.••.•••••.••••• 156 
45 Web Crippling Test Setup................................... 157 
46 Photograph of Web Crippling Test Setup ••••.•.•.•••••••••••• 158 
47 Typical Failure Pattern for Web Crippling Tests ..••..•••••• 159 
48 Web Profile of Web Crippling Test Specimen No. WC-5-1 .••••• 160 
49 Correlation Between the Tested and Computed Ultimate 




LIST OF TABLES 
Dimensions of Bending Test Specimens (Channel Sections) ••• 
Dimension of Bending Test Specimens (Hat Sections) •••••••• 









Pertinent Parameters of Bending Test Specimens ••.•.••.•••• 
Mechanical Properties of Steel Sheets •••••••...•.••••••••. 
Experimental Data for Bending Test Specimens ••••••••.•...• 




Bending Test Specimens Having Adequately Stiffened Webs... 85 
8 Required Minimum Moment of Inertia for Longitudinal Stiffener 87 
9 Comparison of Tested and Computed Ultimate Moment Capacities 
for Bending Test Specimens Based on the Reduced Moment 
Resistance Method........................... . •• •. •• •. •. .. • 88 
10 Comparison of Tested and Computed Ultimate Moment Capacities 
for Bending Test Specimens Based on the Postbuckling 
Strength Method...... ... . ... .. .. .. .. .. .. .. ...... ... . .. .. .. 89 
11 Cross Section Dimensions of Shear Test Specimens ...•.•••.. 90 
12 Dimensions and Locations of Longitudinal Stiffeners for 




Pertinent Parameters of Shear Test Specimens .••.••••.••••• 
Experimental Data for Shear Test Specimens •........••..•.• 
Computed Moment Capacities of Shear Test Specimens ..•••••• 




Shear Test Specimens .......................... .,........... 96 
xi 
Table Page 
17 Dimensions of Web Crippling Test Specimens •...•......••.••••• 98 
18 Dimensions and Locations of Longitudinal Stiffeners for 
Web Crippling Test Specimens .•.•..••...•.•..••••••••.•.•••••. 100 
19 Pertinent Parameters of Web Crippling Test Specimens •.••••••. 101 
20 Comparison of Tested and Computed Web Crippling Loads .••••••• 102 
I. INTRODUCTION 
A. General 
Cold-formed steel structural members have been used for building 
structures for several decades. In recent years, this type of structural 
member has been more widely used in building construction than previously. 
In general, they have many advantages, such as a favorable strength-to-
weight ratio and versatility. They are easy to prefabricate and mass 
produce and are adaptable to fast and easy erection and installations(1,2). 
In the United States, the unreinforced webs of cold-formed steel 
beams having a slenderness ratio less than or equal to 150 are designed 
on the basis of Sections 3.4 and 3.5 of the Specification issued by the 
American Iron and Steel Institute (AISI) (3) for shesr stress, bending 
stress, combined bending and shear stresses, and web crippling. The 
reason behind and the justification for these design provisions are 
discussed by Dr. Winter in his Commentary on the 1968 Edition of the AISI 
Specification (4). 
During the past decade, numerous new configurations of cold-formed 
steel sections having larger hIt ratios have been developed for use in 
building construction and other applications. The design of these 
unusual shapes may be beyond the original scope of Sections 3.4 and 3.5 
of the current AISI Specification. For this reason, a research project on 
the "Webs for Cold-formed Steel Flexural Members," was initiated in 1973 
at the University of Missouri-Rolla (UMR) under the sponsorship of the 
American Iron and Steel Institute. The purpose of this research project 
has been to study the structural behavior of unreinforced and reinforced 
beam webs subjected to bending stress, shear stress, web crippling load, 
and combinations thereof. 
1 
2 
The structural behavior of cold-formed steel unreinforced beam webs 
in bending, shear, combined bending and shear, web crippling, combined 
web crippling and bending waS studied by LaBoube and Hetrakul as the 
first phase of this research project on beam webs. In these studies, an 
attempt was made to extend the limiting hit ratio to 200 or more for the 
unreinforced beam webs. Their research findings on these areas are 
summarized in Refs. 5 throuhg 10. 
As the second phase of this project, the structural behavior of beam 
webs with transverse and longitudinal stiffeners was studied. The 
research findings on the strength of transversely reinforced beam webs in 
bending, shear and web crippling are reported in Ref. 11. This report 
deals with the strength of longitudinally reinforced beam webs subjected 
to bending, shear and web crippling. 
B. Purpose of Investigation 
In view of the fact that the current AISI Specification does not 
include any specific design provisions for reinforced beam webs, the 
objective of the investigation reported herein was to study the structural 
behavior of longitudinally reinforced beam webs subjected to bending 
stress, shear stress, and web crippling load. The research findings will 
undoubtedly provide the background information needed to develop the new 
design criteria for longitudinally reinforced beam webs having hit ratios 
greater than 200. 
C. Scope of Investigation 
The study consisted of analytical and experimental investigations 
of the structural behavior of cold-formed steel longitudinally reinforced 
beam webs subjected to bending, shear, and web crippling. The longitudinal 
stiffeners were made by forming the thin webs into a V-shape as shown in 
Fig. 1. 
The first phase of this investigation involved an in-depth review 
of available publications and research reports on ralated subjects. 
Section II contains a summary of the literature survey. 
Section III summarizes the research findings on the structural 
behavior of beam webs subjected to bending stress. The shear strength 
of beam webs is reported in Section IV, and Section V contains a 
discussion of results of the analytical and experimental works 
concerning the web crippling load of longitudinallly reinforced beam 
webs subjected to interior one-flange loading. 





II . LITERATURE SURVEY 
A. General 
In the initial phase of the investigation, all available literature 
relevant to the structural behavior of plates and beam web elements with 
longitudinal stiffeners subjected to bending, shear and web crippling are 
reviewed. 
A summary of the current specifications governing the design of 
longitudinally reinforced beam webs under bending, shear, and web 
crippling is presented below. 
B. Behavior of Plates and Beam Web Elements Subjected to Bending Stress 
The buckling problem of a longitudinally stiffened plate under pure 
bending has been studied by Rampl (12). Chawalla (13), Massonnet (14), 
Dubas (15) and Rockey (16). The critical elastic buckling stress can be 




in which k = buckling coefficient, E = modulus of elasticity, ~ = Poisson's 
ratio, h = depth of the plate, and t = thickness of the plate. 
In general, the buckling coefficient is a function of the aspect ratio 
of the plate element, the edge support conditions, the location of the 
longitudinal stiffener, and the stiffener. 
Dubas (15) indicated that the stiffener parameters can be expressed 
by the ratios of y = EI /hD and 0 = A/ht in which D is the flexural 
s 
rigidity of the plate, and I and A are the moment of inertia and the 
s 
cross-sectional area of the stiffener, respectively. 
5 
In 1937, Rampl (12) found that for a simply supported plate stiffened 
at the center line with a perfectly rigid longitudinal stiffener, the 
ff " k' 1 t 35 6 As a result, the increase of buckling coe 1C1ent 1S equa 0 •• 
buckling strength, which can be obtained by a stiffener at the center line 
of the webs,amounts to 50% of the strength of the unstiffened plate 
(k = 23.9). Stiffeners at the center line of the webs are not very 
effective in improving the stability of web plates for the case of pure 
bending stresses. 
Chawa1la (13) and Massonnet (14) were the first investigators to 
study the buckling strength of plates with a longitudinal stiffener located 
between the compressive edge and neutral axis(Fig. 2). Based on the numerical 
results for a plate of aspect ratio a = 0.8 with a longitudinal stiffener 
at the quarter depth of the web, Massonnet (14) pointed out that the 
buckling coefficient, k, depends on the aspect ratio a and 
parameters y and 0 (Fig. 3). It is to be noted from Fig.3 that for the value 
of a > 0.4 the buckling coefficient k may be taken as a constant value of 
101. 
The buckling problem of the web plate under pure bending was further 
studied by Dubas (15) and Rockey (16) who used the method of successive 
approximations to determine the critical buckling stress. The 
relationships between the buckling coefficient k, and aspect ratio 
a = a/h, and the stiffener parameters y and 0 for a simply supported 
stiffened plate are shown in Fig. 4. This figure reveals that the value 
of k increases with the stiffener rigidity until the stiffener has 
sufficient rigidity to form a nodal line. Thereafter, further increase in 
the stiffener does not lead to an increase in the buckling coefficient, k. 
The maximum value of k is termed the limiting value, k , and the minimum 
o 
6 
value of y which a stiffener must possess in order to provide this value 
of k is defined as y . 
o 0 
Figure S is a plot of the limiting buckling coefficient,k ,versus 
o 
the location of a longitudinal stiffener for a simply supported stiffened 
plate. The best location for a longitudinal stiffener was found to be 
equal to O.2h measured from the compressive edge. The maximum buckling 
coefficient is equal to 129.4 (Fig. 5). 
The relationship between y and the aspect ratio,a = a/h,for three 
o 
different locations of stiffeners is shown in Fig. 6,which indicates that 
the value of y is a function of the aspect ratio,a,and the ratio 0 = A/ht 
o 
of the stiffener. Fig. 6 also reveals that the value of y is equal to 
o 
43.4 for the case of simply supported stiffened plate with a longitudinal 
stiffener located at hiS. 
On the basis of the buckling analysis of a plate having a long i-
tudinal stiffener at O.2h and subjected to pure bending, Massonnet (14) 
proposed the following formula for the required minimum stiffener rigidity 
ratio,y ,which is expressed as a function of the aspect ratio,a,and the 
o 
stiffener area ratio,o = A/ht: 
3.87 + S.la + (8.82+77.6o)a 2 (2) 
The required minimum stiffener rigidity given by the above equation 
is rather difficult to use in design, because the designer must first 
arrive at a stiffener geometry according to the required value of y and o 
the area ratio, 0 = A/ht. In addition, the design of stiffeners also depends 
on the aspect ratio of the plate element; therefore, this expression 
is not suitable for the design of cold-formed steel structures, because 
7 
a constant cross-sectional shape is often used for members of different 
lengths. 
To overcome this disadvantage, in 1963, Rockey (16) proposed another 
expression for the minimum stiffener rigidity that is independent of the 
aspect ratio. This expression is given by Eq. 3: 
~ 43.4 + 3810 + 10808 2 (3) 
In order to derive from the above expression a required minimum 
stiffener moment of inertia, the geometry of the stiffener and the 
location of its neutral axis of bending must be specified. Moreover, 
Eq. 3 was derived on the basis of the buckling analysis of the plate 
element. The postbuckling strength occasioned by the stress redistri-
bution in the thin web was not considered. 
In 1960, Kloppel and Scheer (17) studied a combination of 
stiffener arrangements and loading conditions for simply supported, 
rectangular plates. This work ultimately led to the publication of a 
handbook,which presents tables and charts covering almost any elastic 
stability problem for a stiffened, simply supported,rectangular plate. 
A digital computer was used to solve the buckling determinants for various 
problems included in this handbook (17). 
In recent years, the behavior and strength of thin-walled compression 
elements with longitudinal stiffeners have been soudied at Cornell 
University (18). It was found that the required moment of inertia of an 
intermediate stiffener for multiple-stiffened elements can be expressed 
b 
as a function of - ~ in which b is the overall flat width between webs t y 
or between a web and an edge stiffener, t is the thickness of this 
8 
element, and F is the yield point of material. Consequently, Eq. 4 was y 
derived to compute the required minimum stiffener rigidity for the 
postbuckling range 
I It 4 = 0.58l(b/t)~ - 285 
s y (4) 
in which I is the required minimum centroidal moment of inertia needed 
s 
for a stiffener to support the plate in the posbuckling range. 
Early experimental studies on longitudinally stiffened plate girders 
were conducted by Madsen (19), Gaber (20), and Longbottom and Heyman 
(21). They concluded that longitudinal stiffeners are very effective in 
preventing web buckling occasioned by bending. 
Additional experimental data on longitudinal stiffeners has been 
presented by Massonnet (22) and Rockey (23). From six ultimate load tests 
on two steel girders in which various locations and sizes of longitudinal 
stiffeners were used, Massonnet concluded that the theoretical minimum 
stiffener rigidity is inadequate. Rockey conducted over 140 buckling 
tests on webs of bolted alumium girders. On the basis of these tests, he 
suggested design rules for proportioning longitudinal stiffeners. 
In 1963, a plate girder research project was started at Lehigh 
University (24,25). The objective of the project was to deternine the 
contribution of longitudinal stiffeners to the static lOrtd-carrying 
capacity of plate girders. Based on the analytical studies, Cooper (24) 
concluded that the presence of a longitudinal stiffener in a plate girder 
web increases the maximum allowable slenderness ratio of the web from 170 
to 400 for mild steel. Tests reported by D'Apice et a1. (25) showed that 
adequately proportioned longitudinal stiffener at 0.2h from the compression 
9 
flange can eliminate the loss in strength occasioned by the flexural 
buckling of the web for webs having overall slenderness ratios up to 
450. In this range, ordinary linear beam theory can be used to predict 
the stresses in the compression flange, and the ultimate moment capacity 
of the gider can be predicted by using the critical stress for lateral 
or torsional buckling of the compression flange of the girder. 
Girders with larger slenderness ratios are likely to require two or 
more longitudinal stiffeners to eliminate the loss caused by web buckling. 
In general, the increase in bending strength of a longitudinally stiffened 
thin-web girder is relatively small because the web contribution to the 
overall bending strength is small. However, longitudinal stiffeners are 
useful in improving the fatigue resistance of plate girders. Yen and 
Mueller (26) attributed the improvement of fatigue strength to the 
reduction in lateral deformation of the web under cyclic loading. This 
reduced lateral deformation reduces the fatigue cracking in the web-to-
flange junction. 
Based on his research findings, Cooper (24) provided a method 
for predicting the increase in bending strength of a plate girder with 
a longitudinal stiffener. 
C. Behavior of Plates and Beam Web Elements Subjected to Shear Stress 
The shear strength of a plate element may be governed by shear 
yielding or shear buckling. 
The shear yielding stress corresponds very well with Von Mises yield 
theory,which is given by Eq. 5: 
L = F 113 = O.5SF y Y y (5) 
The shear buckling stress in the elastic range of a plate, T , 
cre 
was studied by Timoshenko (27), Skan and Southwell (28), Seydel (29). 
and Stein and Neff (30) and is given by Eq. 6 
10 
(6) 
i~ ~hie~ k = buckling coefficient, E = modulus of elasticity, ~ = Poisson's 
ratio, h depth of the plate element, and t = thickness of the plate. 
The buckling coefficient k is a function of the support conditions 
along the edges of the plate element and the aspect ratio, a = a/h, in 
which a is the length of the plate panel. For a specific value of a, the 
numerical value of k can be determined by using Eqs. 7 and 8 for simply 
supported p1ate~ 
k 4 + 5.34/a2 , when a < 1.0 (7) 
and k = 5.34 + 4/a2 , when a > 1.0 (8) 
The inelastic shear buckling stress of a plate element with a 
moderate slenderness ratio was studied by Basler and Thurlimann (31) 
and is given by the following equation: 
T • Y 
T 
er 
IT T P ere 10.8T T Y ere (9) 
In Eq. 9, T is the proportional limit, which is assumed to be 0.8 p 
In the 1960's, extensive studies both analytical and experimental were 
made by Basler and Thur1imann (31), and Basler et al. (32) on the post-
buckling behavior of stiffened plate girders subjected to shear stress. 
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It was first pointed out by Basler and Thurlimann (31) and later by 
lb (35) t hat the ultimate shear stress Gaylord (33), Fujii (34) and Se erg 
of a plate girder web can be expressed by Eq. 10: 
I3(T -T ) 
Tu = Tcr + 2(~~) 
where T = shear buckling stress of the plate girder web panel. 
cr 
(10) 
In deriving Eq. 10, Basler assumed that the plate girder flanges are 
incapable of supporting the lateral load imposed by the inclined tension 
field. 
In 1974, Rockey ~ al. (36) studied the effect of the flanges upon 
the shear strength of the plate girders; The ultimate shear stress given 
by Rockey et al. can be expressed by Eq. 11. 
(11) 
in which tension field stress 
ed = angle of panel diagonal with flange 
e inclination of the tension field stress 
c = distance measured along the flange from the transverse 
stiffeners to the plastic hinge and is given by Eq. 12 
o < C < a (12) 
In Eq. 12, m is the plastic moment of resistance of the flange. p 
It is to be noted from Eq. 12 that if the flanges cannot develop 
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the plastic moment, such as in the case of cold-formed steel beams (i.e., 
m = 0), c = O. By substituting its equivalent in Eq. 11 and maximi-p 
zing T by differentiating with respect to e, one can obtain Eq.10. 
u 
Longitudinal stiffeners may be used to increase the buckling 
resistance of plate girder webs. The optimum location of a longitudinal 
stiffener that is used to increase resistance to shear buckling is at 
mid-depth. In this case, the two subpanels buckle simultaneously, and the 
increase in critical shear buckling stress can be substantial. Of course, 
in a web with a longitudinal stiffener not at mid-depth, the larger 
subpanel buckles first and at a smaller critical stress than for the 
stiffener at mid-depth. 
The shear strength of longitudinally stiffened plate girder webs has 
been studied by Rockey ~ al.(36) and Cooper (37). 
Cooper (37) derived a shear strength theory for longitudinally 
stiffened girders. His theory is based on the assumption that the shear 
strengths of the subpanels (Fig. 7) can be developed independently of the 
adjacent subpanels and that the ultimate shear force of the stiffened 
panel is the sum of the ultimate shear forces of the subpanels. The 
tension field in this theory is assumed to have a width of one-half the 
subpanel depth and to act in the direction of the subpanel diagonal. 
Longitudinal stiffener requirements are also formulated on the 
horizontal force of the assumed tension field stress. 
Based on this theory, Cooper (37) also computed the shear strength 
of panels with aspect ratios equal to 0.75, 1.0,and 1.5 and with 
longitudinal stiffeners located at O.2h, 0.33h,and O.Sh. It was shown that 
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occasioned by a longitudinal stiffener is the increase in shear strength 
and the slenderness ratio of the stiffened a function of the aspect ratio 
panel. in sh
ear strength can be realized for some A substantial increase 
. slenderness ratio, and stiffener 
combinations of the aspect ratlo, 
position. 
The applicability of the theory was checked experimentally with the 
results of seven shear tests on longitudinally stiffened girders with 
varying aspect ratios and stiffener positions. The test results 
indicated that the ratio of the test load to predicted load by this 
theory range from 1.00 to 1.18 with a mean value of 1.10. 
The second theory on the shear strength of longitudinally stiffened 
plate girder webs was developed by Rockey et a1.in 1974 (36). Tests con-
--
ducted by Rockey ~ a1. showed that the longitudinally reinforced webs did 
not fail because of the development of an individual subpane1 as assumed 
by Cooper (37) but because of an overall tension field action that was 
independent of the longitudinal stiffener. The prime role of the longitu-
dinal stiffener is to increase the buckling resistance of the web. Conse-
quently, to determine the ultimate load of a longitudinally reinforced 
shear panel, it is only necessary to determine the elastic buckling stress 
of the weakest subpanel and then to consider that the overall girder panel 
will act in a manner of a transversely reinforced shear panel having the 
same buckling stress as the weakest subpanel. In other words, the ultimate 
shear stress can be computed by Eq. 11 provided that T is the buckling 
cr 
stress of the larger subpanel of the longitudinally stiffened webs. 
The above theory was verified by test results reported by Rockey 
~ al. (36). The ratio of the tested load to the predicted load of 16 
girders ranges from 0.920 to 1.100 and has a mean value of 1.010. 
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It is also to be noted that Cooper's theory on the shear strength 
of 10ngittldinalLy reinforced girder webs neglects the flange plastic 
moment contribution to shear capacity, whereas the approach of Rockey 
~ a1. does include the effect of the flange upon the ultimate shear 
strength of the plate girders. 
In 1975, the ASCE-AASHTO Task Committee on Longitudinally Stiffened 
Plate Girders was established (38). The objectives of this committee 
were twofold: (1) to investigate the state-of-the-art for predicting the 
strength of longitudinally stiffened girders and (2) to survey the current 
use of longitudinally stiffened plate girders. The committee's efforts 
toward accomplishing these objectives will undoubtedly serve as a basis 
for developing new design criteria for longitudinally stiffened plate girders. 
D. Web Crippling Strength of Longitudinally Reinforced Beam Webs 
The buckling problem of a rectangular plate subjected to a 
uniformly distributed compressive load was studied by Zet1in (39) and 
Khan et a1. (40). 
In 1955, Zet1in (39) found that the critical buckling load can be 
computed by Eq. 13a: 
(13a) 
in which K is the buckling coefficient, D is the flexural rigidity of 
the plate, and a is the length of a plate panel. 
Khan et a1 (40), in 1977, used the energy method to obtain the 
critical buckling load for a simply supported plate subjected to a partial 
edge loading. He indicated that the critical stress can be determined by 
the following equation: 
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(13b) 
in which K is the buckling coefficient, and h is the depth of the plate 
panel. The buckling coefficient K is shown graphically in Fig. 8. 
For hot-rolled steel shapes, the web crippling strength of 
unreinforced and transversely reinforced beam webs has been studied by 
Lyse and Godfrey (41), and Basler (42). Their research findings formed 
the basis for the development of Section 1.10.10 of the AISC 
Specification (43). 
During the 1940's and 1950's, an extensive research program on the web 
crippling strength of cold-formed stee1,unreinforced beam webs was 
conducted at Cornell University by Winter and Pian (44), and Zet1in (39). 
Section 3.5 of the current AlSI Specification is based on their research 
findings for beam webs having hIt ratios less than or equal to 200. 
Since 1973, a research project has been carried out at the University 
of Missouri-Rolla to continue the study of the web crippling strenth of 
cold-formed steel, unreinforced beam webs. The research findings on this 
particular subject are presented by Hetraku1 and Yu (9,10). 
Swedish investigators (45) have recently studied the web crippling 
strength of cold-formed steel beam webs that have intermediate longitu-
dinal stiffeners. In their studies, trapezoidal sections were used as 
beam specimens, and the longitudinal stiffeners were made by cold forming 
the thin web into a zigzag shape as shown in Fig. 9. On the basis of 
their experimental results, they derived Eq. 14 to predict the web cripp-







[1+0.01 ~][1.4s-0.0s ~ax] 
The upper limit of Eq. 14 is given by Eq. IS 
R = 2.sEt 3 [2.s+t Is ](ssin8)(1.4S-0.0s emax) 
d s w t (15) 
w 
In the above equation: 
. Rd = ultimate web crippling load ~ 
t = thickness of the web 
0 = yield point of material su 
E = modulus of elasticity 
8 inclination angle of the inclined web 
r = inside corner radius 
e maximum value of el or eZ (Fig. 9) 
max 
£ supported length, not more than lOOt 
s 
s = web depth 
w 
Equations 14 and 15 are intended to be included in the Swedish Specification 
for the design of cold-formed steel beam webs with intermediate longitudinal 
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stiffeners subjected to one-flange interior web crippling load. It should 
be noted the Swedish formulas are based on metric units. 
E. Current Design Criteria 
1. AISI Specification 
The 1968 Edition of the AISI Specification (3) includes design 
provisions for only unreinforced beam webs having hit ratios not greater 
than 150. There are no specific design criteria to cover the design of 
beam webs with longitudinal stiffeners subjected to bending, shear, and 
web crippling. 
2. AISC Specification 
The 1969 Edition of the AISC Specification (43) coveres the design 
of plate girders and rolled shape beams with or without transverse 
stiffeners. No design provisions are included in the current AISC 
Specification to predict the bending strength, shear strength, and the 
web crippling load of longitudinally reinforced beam webs. 
3. AASHTO Specification 
Sections 1.7.71 and 1.7.74 of the 1973 Edition of the AASHTO Specifi-
cation (46) specifies that the bending capacity of longitudinally stiffened 
plate girders is governed by the strength of the flange if the following 
design requirements are met: 
(i) The web plate thickness of plate girders equipped with 
longitudinal stiffeners shall not be less than that 





but in no case shall the thickness be less than D/340. 
In Eq. 16,D is the depth of the web in in., t is the 
thickness of the web in in., and fb is the calculated 
maximum compressive bending stress in ksi. 
(ii) The centerline of a plate longitudinal stiffener or the 
gage line of an angle longitudinal stiffener shall be DIS 
from the inner surface or leg of the compresion flange 
component. 
(iii) The longitudinal stiffener shall be proportioned so that 
in which 
d 2 




the minimum moment of inertia of the 
(17) 
longitudinal stiffener about its edge in 
contact with the web plate 
d = the actual distance between transverse 
o 
stiffeners in in. 
D and t are defined in Eq. 16. 






in which b' is the width of stiffener in in., and fb is the 
calculated compressive bending stress in the flange in ksi. 
There is no specific design criteria for shear and web crippling of 
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beam webs with longitudinal stiffeners. 
4. Swedish Specification 
In the recent draft of the Swedish Specification (45), the interior 
one-flange web crippling load of longitudinally reinforced beam webs is 
determined on the basis of Section :322. This section specifies that 
the ultimate design value for interior support reactions or concentrated 
loads for longitudinally reinforced beam webs shall be determined by 
Section :32la or :32lb for unreinforced webs multiplied by a factor K 
s 
as shown in Eq. 19. 
K = 1.45 - 0.05 e It 
s ~x (19) 
in which e is the maximum val f (Fi 9) d h max ue 0 e 1 or e2 g. ,an t is t e 
thickness of the beam web. 
The complete design equations according to the Swedish Specification 
are given in Eqs. 14 and 15. 
A. General 
III. STRUCTURAL BEHAVIOR OF LONGITUDINALLY 
REINFORCED BEAM WEBS SUBJECTED TO BENDING 
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Recent studies conducted by Rockey (36) and Cooper (37) on the bending 
capacity of longitudinally stiffened plate girders reveal that the 
longitudinal stiffener is very effective in preventing failure caused by web 
buckling. This results in a substantial increase in the bending strength 
of plate girders having large slenderness ratios. In the first phase 
of this research project, the bending capacity of cold-formed steel 
unreinforced beam webs having hit ratios less than or equal to 200W3S 
studied. Based on the research findings, it was found that the 
bending strength of the cold-formed steel beams decreases as the 
slenderness ratio increases. The reduction of the bending capacity is 
caused by the buckling of the thin webs. 
In an attempt to improve the buckling strength of the cold-formed 
steel web elements, rolled-in V-shaped longitudinal stiffeners were 
formed at the one-fifth depth of the beam webs. The objective of the 
investigation was to determine the required minimum rigidity for the 
stiffener and to evaluate the buckling and postbuckling strength of the 
longitudinally reinforced beam webs. The findings will serve as a 
basis for developing new design provisions governing the bending capa-
city of longitudinally stiffened beam webs having slenderness ratios 
greater than 200. 
B. Analytical Study 
The bending strength of cold-formed steel beam members is governed 
by either the strength of the beam flanges or the web elements. Because 
the strength of beam flanges has been fully investigated (47,48), 
deals wl"th the bending strength of the web elements. the present study 
The strength of longitudinally reinforced beam webs is n function 
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of the web slenderness ratio, the yield point of the material, the flat 
i f th flange, and the location and rigidity width to thickness rat 0 0 e 
of the longitudinal stiffeners. 
The optimum position for the longitudinal stiffener was found to be 
located at one-fifth of the beam web depth. The required minimum moment 
of inertia of the stiffener depends on the slenderness ratio of the web 
element and the yield point of the material. 
A further study of these parameters revealed that for longitudinally 
stiffened beam webs having hIt ratios larger than the value determined 
by Eq. 20, 
(h/t)lim = l63.29~* 
Y 
(20) 
the web strength usually governs the bending capacity of the beam if a 
sharp yielding-type steel is used for web elements without imperfections. 
In Eq. 20, k is the buckling coefficient for longitudinally reinforced 
o 
web elements subjected to pure bending, and F is the yield point of y 
sharp yielding type steel in kips per square inches. For gradual yielding 
steel and for web elements with certain imperfections, the (h/t)lim should 
be reduced according to the inelastic behavior. 
The effect of the flange on the buckling of the web elements depends 
primarily on the magnitude of the wIt ratio of the flange. This can be 
reflected by the ratio of (w/t)/(w/t)li ~ in which (wIt) " is equal to the 
m l~m 
171/1£ specified in Section 2.3.1.1 of the current AISI Specification (3). 
When (w/t)/(w/t),." is greater than unity, early flange buckling may 
1m 
contribute to the premature buckling of the web element. 
From the above discussions, it can be seen that the buckling and 
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postbuckling strength of longitudinally reinforced beam webs is a function 
of various parameters. The derivation of an exact analytical solution 
for the stability problem of stiffened plate assemblies is extremely 
complicated. For this reason, an experimental investigation was conducted 
to determine the required minimum stiffener rigidity and the ultimate 
bending capacity of the longitudinally reinforced beam webs. 
c. Experimental Investigation 
The objective of the experimental investigation was twofold: 
(1) to determine the required minimum moment of inertia of a longitudinally 
stiffener, with which the maximum bending capacity of the beam can be 
developed and (2) to study the buckling and postbuckling strength of 
adequately reinforced beam webs under pure bending. Initial consideration 
was given to the effect of the dimensions of the longitudinal stiffener, 
the web slenderness ratio, the yield point of the steel, and the flat-
width to thickness ratio of the compression flange. The longitudinal 
stiffeners were located at one-fifth depth of the beam webs. 
A total of 52 beam specimens with longitudinal rolled-in stiffeners 
were tested under pure bending conditions. The specimens consisted of 
48 channel sections fabricated as shown in Fig. 10 and four hat sections 
(Fig. 11). All of the tests were performed in the Engineering Research 
Laboratory of the University of Missouri-Rolla. 
Topics to be discussed in this section are:(l) preparation of beam 
specimens, (2) testing of beam specimens, (3) results of tests, 
(4) evaluation of test data, and (5) development of design methods. 
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1. Preparation of Beam Specimens 
Two types of beam specimens were used in the investigation. The 
first type consisted of two channel sections connected as shown in Fig. 
10. The channels were connected by 3/4 x 3/4 x 1/8 in. angles at the 
compression flange and by 3/8 x 1/8 in. rectangular bars at the tension 
flange. The intervals between braces were such that lateral buckling of 
each individual channel section was prevented. Self-tapping screws 
(#12 x 14 x 3/4 Tek Screws) were used for connectors. Hat sections were 
used for the second type of configuration (Fig. 11). The tension flanges 
of these specimens were connected by 3/4 x 1/8 in. rectangular bars. 
These sections were used to provide the large ratio of (w/t)/(w/t)lim 
of the compression flange. 
The transverse stiffeners made of small channel sections were 
provided at the positions of the supports and at the locations of the 
applied concentrated loads (Figs. 12 and 13). These stiffeners were 
connected to the beam webs by using 3/4 in. diameter bolts. The 
spacings of the bolts were close enough to resist the shearing force 
caused by the vertically applied loads or reactions. The transverse 
stiffeners were used to prevent the premature failure caused by the 
contact bearing stress on the web element. 
The actual cross-sectional dimensions and span lengths for all of 
the specimens used in the experimental investigation are listed in Tables 
1 and 2 for the channel and hat sections respectively. For each beam 
specimen, the longitudinal stiffener dimensions and locations (Figs. 10 
and 11) are tabulated in Table 3. Table 4 presents the hit ratio of the 
web, the wit ratio of the compression flange, the yield point of the 
steel, the moment of inertia of th 1 . e ong1tudinal stiffener with respect 
to its centroidal axis, and the aspect ratio of the web element. These 
are the pertinent parameters that affect the b d en ing strength of the 
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web elements under pure bending. 
In order to determine experimentally the bending stress distribution 
in the web elements, six [oil strain gages (Nos. Wl, W2, W3, W4. WS, and 
Wb) were mounted on the beam webs as shown in Fig. 14. Also shown are 
strain gages (Nos. Fl, F2, F3, and F4) mounted on the compression and 
tension flanges to determine the bending stresses in both flanges. For 
beam specimens having a wit ratio larger than (w/t)l' , additional 
~m 
strain gages (Nos. AI, A2, A3, A4, AS, and A6) were provided in pairs on 
the center of the compression flange to determine the actual flange 
buckling stress (Fig. 14). This was done by using the strain reversal 
concept for each pair of strain gages located on the top and bottom 
surfaces of the compression flange. 
In addition to the use of strain gages, grid lines at 1/2 inch 
intervals were plotted on the other side of each beaM web. They 
,,"ere used for recording the web buckling pattern and for measuring 
the profile of the deformed webs. 
2. Testing of Beam Specimens 
a. Tensile Coupon Tests 
The mechanical properties of the steels used for beam specimens 
were established by standard tensile coupon tests. All coupons were 
prepared in accordance with ASTM E8 and tested in a lSO,OOO-lb. Tinius 
Olson universal testing machine. Table S contains the test data on 
yield point, ultimate tensile strength, and elongation measured from a 
2-in. gage length. The beam specimens and their respective yield points 
are given in Table 4. 
b. Beam Tests 
All beam specimens were tested in the 8-ft. wide, 9-ft. high, and 
2l-ft. long loading frame, which is anchored to the l8-ft. wide and 
60-ft. long test bay in the Engineering Research Laboratory (5). 
(i) Test Setup 
Each beam specimen was tested with a simply supported condition. 
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Rollers and bearing plates were provided at each end. The beam specimen 
was loaded by two concentrated loads by means of a cross beam (Fig. 12). 
This loading arrangement provided a pure bending moment region in the 
central portion of the beam. 
The load was applied by a hydraulic jack and transmitted to the 
load cell placed on top of the cross beam. The load cell was used to 
measure the applied load. 
In addition, vertical rollers were positioned at both ends to 
prevent the beam from moving laterally or rotating (Fie. 15). Fig. 16 
shows the details of lateral supports,which were attached to the central 
portion of the beam specimen to prevent lateral displacement. 
(ii) Test Procedure 
During each test, loads were applied in 1/4 kip increments from zero 
to the buckling load. Smaller increments were used before and after the 
initial buckling occurred. For each increment of loading, the applied 
load and strain gage readings were recorded and printed out on tape by 
using a 40-channel data acquisition system (Fig. 17). In addition, 
lateral displacements of the central portion of the web were measured 
at the following applied loading conditions 
Initial loading 
Actual observed web buckling load 
Predicted web buckling load 
Failure load 
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The lateral deformations of the web were measured to the nearest one 
thousandth of an inch (0.001 in.) by using five linear pot~ntiometers 
attached to a movable frame (Fig. 18). Results of pilot tests indicated 
that the accuracy or the lateral displacement measurement apparatus was 
such that repeatability of the readings was assured. The readings of 
the potentiometers were also recorded on both printed and punched paper 
tape by the data acquisition system. These tapes were used to evaluate 
th~ data by a data reduction system (Fig. 19). 
The vertical deflection at midspan for each beam specimen was 
recorded by using two dial gages, one under each tension flange of the 
beam section. 
3. Results of Tests 
For each beam specimen, the following applied loads were obtained 
and recorded as applicable: 
(Pcr)!est - the critical load initiating flange buckling 
caused by bending stress 
(P ) w _ the critical load initiating web buckling 
cr test 
caused by bending stress 
(P ) - the load in which the bending stress in the y test 
extreme fibers of the flange reached the yield 
point 
the maximum load for the beam specimen. 
The experimental data for all specimens are given in Table 6, in 
which (M ) is the tested ultimate bending moment of a bcam specimen 
o test 
having flat web without longitudinal stiffeners. 
f The critical buckling load of the compression flange, (P) ,was 
cr test 
determined by the strain reversal method for c3ch pair of strain 
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gages located on the top and bottom surfaces of the compression flange. 
The critical web buckling load, (P )w , was determined by visually 
cr test 
observing the initial web buckling with the aid of a straight edge. 
Because the strain gages were mounted on the web at midGpan, it was not 
possible to determine the web buckling load when the buckled wave deve-
loped at other locations. The tested yield load, (P) , was recorded y test 
when the strain gages along the edge of either the top or bottom flange 
reached the yield stress. 
4. Evaluation of Test Data 
The test data on the buckling loads of the flange and the web, 
(p)f and (P)w were compared with the theoretical values as 
cr test cr test' 
niscussed below. 
The theoretical buckling loads of the webs and the compression 
flanges, (P)w and (p)f listed in Table 7, were computed from the 
cr thea cr theo' 
critical buckling stresses given in Eqs. 21 and 22 respectively. 




In the above equations, k = buckling coefficient, E = 29,500 ksi, ~ = 0.3, 
hit = depth-thickness ratio of the beam web, and wit = flat width-to-
thickness ratio of the compression flange. 
The buckling coefficient,k,was assumed to be a constant value of 4.0 
for evaluating the theoretical flange buckling load. (P ) f • For 
cr theo 
calculating the web buckling load, (Pcr)~heo' the value of k was taken 
to be equal to 129.4. 
Accordingly, the theoretical buckling loads of the web and the flange, 
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{P )wh and {p)f were computed by using Eq. 23 and are listed 
cr t eo cr theo' 
in Table 7. 
2S f 




in which f is the appropriate critical buckling stress, S is the section 
cr x 
modulus of the beam section for which the effective width of the compression 
flange was determined on the basis of the applicable value of f ,and!l is 
cr 
the distance between the end support and the concentrated load applied to 
the beam specimen. 
Also listed in Table 7 is the theoretical yield load, (P ) h ,for y t eo 








In Eq. 24, S is the section modulus of the beam specimen for which the 
x 
effective width of the compression flange was determined on the basis of 
the yield point of steel, F . 
Y 
In addition to the four different values of test data discussed in 
the previous section, the tested ultimate bending moment, (M ) *, was 
u test 
computed from the tested maximum load, (P ) , by using the following 
u test 
equation 
(P ) • !l 
(M ) = u test 
u test 2 (25) 
* (M) in the case of flat web without longitudinal stiffeners 
o test 
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The values of (M ) or (M ) are given in Table 6. Also 
u test 0 test 
listed in this table are the ratios of (Mu)test/(Mo)test for the first 
32 beam specimens. These specimens were used to determine the required 
minimum stiffener rigidity. 
The experimental results obtained from the 52 test specimens have been 
carefully reviewed, and the related topics are discussed in the sections 
on: (a) failure modes, (b) effect of the longitudinal stiffener 
on the ultimate moment capacity, (c) comparison of the experimental and 
theoretical buckling loads and yield loads, (d) postbuckling strength of 
webs subjected to bending stress, (e) comparison of the experimental 
failure load and theoretical yield load, and (f) bending stress distribution 
in the webs. 
a. Failure Hodes 
Different failure modes were observed in this study. Table 6 gives 
the type of failure mode for each beam specimen. A study of the actual 
failure mode revealed that for beam specimens having the same hIt ratios 
of the webs, the failure mode depended on the rigidity of the longitudinal 
stiffener. It varied from a web buckling to a flange yielding type of 
failure. This can be seen by observing the failue modes of 12 beam 
specimens (Nos. B-2-1 to B-2e-2) in which eight specimens (Nos. B-2-1 to 
B-2c-l) having small stiffeners failed by web buckling, and the remaining 
four specimens (Nos. B-2-1 to B-2e-2) with larger stiffener dimensions 
failed by flange yielding. It was also noted that for longitudinally 
stiffened beam webs having large hIt ratios, web buckling modes also 
occurred. Specimens (Nos. B-3c-1 to B-3d-2), which had an hit ratio 
of 325, failed by web buckling followed by flange yielding. 
Based on the above discussion of failure modes, it seems that in 
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determining the moment capacity of cold-formed steel, longitudinally 
reinforced beam webs, due consideration should be given to the buckling 
and postbuckling strength of the web element under bending. In the 
case of adequately stiffened webs, the buckling coefficient, k, is 
equal to k , which is 129.4. 
o 
Typical failure modes for web buckling are shown in Figs. 20 and 21. 
Figure 22(a) to 22(f) illustrate the profiles of deformed webs under 
different loading conditions. 
b. Effect of the Longitudinal Stiffener on the Ultimate ~~ment 
Capacity 
The effect of the longitudinal stiffener on the ultimate moment 
capacity is represented by the ratio (M)t t/(M)t which is given 
u es 0 est 
in Table 6. In this ratio, (M)t t is the tested bending moment of 
u es 
longitudinally reinforced beam webs and (M ) is the tested bending 
o test 
moment of unreinforced beam webs having the same cross-sectional dimensions. 
Table 6 also reveals that the ratio (M ) I(M ) varies fron 
u test 0 test 
1.00 to 1.557 (Specimens Nos. B-l-l to B-ld-2) for beam webs having hIt 
ratios equal to 200. For specimens with hit ratios equal to 275 and 
325, the ratios of (Mu)test/(Mo)test range from 1.00 to 1.623 (Specimens 
Nos. B-2-l to B-2e-2), and from 1.00 to 1.571 (Specimens Nos. B-3-l to 
B-3d-2) respectively. 
Figures 23,24,and 25 show the plots of the ratio (M)t t/(M)t t 
u es 0 es 
versus the parameter II /t 4 of the longitudinal stiffeners moment of 
s 
inertia for beam specimens having hit ratios equal to 200, 275 ,and 325 
respectively. These figures indicate that the moment ratio increases as 
the value of II /t 4 increases up to a point that a further increase in the 
s 
value of II !t4 will not affect the moment ratio 
s 
Th lue of 1 /t~ at this limiting point is termed the required e va s 
4 
minimum moment of inertia of the longitudinal stiffener, 10/t . 
31 
Table 7 lists all specimens having the value of Is/t~ greater than 
1 /t~. They are called adequately stiffened beam web specimens. 
o 
discussion of Table 7 is presented in the next section. 
The 
c. Comparison of the Experimental and Theoretical Buckling Loads 
and Yield Loads 
Comparisons of the experimental and theoretical buckling loads and 
yield loads for beam specimens having adequately stiffened webs are 
presented in Table 7. A review of this table reveals that the value of 
(Pcr)~est/(Pcr)~heo varies from 0.918 to 1.719. The large values of 
this ratio (Specimens Nos. H-2a-l and H-2a-2) are misleading because the 
buckling loads are so small that a slight deviation results in a large 
percentage of error. This can be explained by the fact that the strain 
gages are not sensitive to the formation of the buckled wave at small 
loads. 
Comparisons were also made for the experimental and theoretical web 
buckling loads. Table 7, which lists the ratio 
indicates that this ratio varies from 0.794 to 1.360 and has a mean value 
of 0.978 and a standard deviation of 0.130. Good correlation between the 
experimental and theoretical web buckling loads was obtained. 
Table 7 also gives the values for the ratio (P) /(P ) for y test y theo 
12 specimens that failed by yielding in the flanges. This ratio ranges 
from 0.887 to 0.933 with an average value of 0.910 and a standard deviation 
of 0.015. A slightly unconservative value of the ratio (P) /(P) 
y test y theo 
was obtained. This premature yielding resulted from a slight redistribu-
tion of stress in the thin webs. 
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d. Postbuckling Strength of Webs Subjected to Bending Stress 
The available postbuckling strength of beam webs can be represented 
by the ratio (p ) /(P) These values are also given in Table 7. 
u test cr theo· 
A study of this table reveals that the postbuckling strength of 
longitudinally reinforced beam webs subjected to pure bending is a function 
of three parameters. They are the hit ratio of the web, the wit ratio of 
the compression flange, and the yield point of the steel. 
Cnreful review of Table 7 indicates that the postbuckling strength 
varies from 1.014 to 1.735. It increases as the hit ratio and the yield 
point of steel, F increase. However, an increase of the wit ratio y 
resul~in a reduction of the postbuckling strength. 
e. Comparison of the Experiemental Failure Loads and Theoretical 
Yield Loads 
Comparisons of the experimental failure loads and the theoretical 
yield loads are represented by the ratio (Pu)test/(Py)theo· This 
ratio indicates the percentage of reduction of the moment capacity. The 
reduction of flange stress is caused by the lateral dEflection developed in 
the compression zone of the web. This results in a redistribution of stress 
from the web to the compression flange. As the web slenderness ratio 
increases, this stress distribution becomes more pronounced, and the ratio 
(P ) /(P ) h becomes smaller. 
u test y t eo 
Table 7 lists the values of the ratio (P ) /(P ) h for all 
u test y t eo 
specimens having adequately stiffened webs. A study of this table reveals 
that this ratio increases as the slenderness ratio and the ratio 
(w/t)/(w/t)l' decrease. Table 7 also indicates that the ratio 
1m 
(P)t t/(P) h varies from 0.781 to 0.978. 
u es y t eo 
33 
f. Bending Stress Distribution in the Webs 
d ib t · bta;ned from strain gage readings The measured stress istr u ~on 0 L 
and the computed stress evaluated by classical beam theory are shown in 
Fig. 26. This figure shows the stress distribution at midspan of the 
beam specimen at the following loading conditions: 
Initial loading 
Prior to web buckling load 
Observed web buckling load 
Failure load 
The specimen shown in Fig. 26 has the large hit value of the web 
element. The stress distribution is expected to be linear until 
web buckling occurs. After the web buckles,the stress redistribution 
takes place and the neutral axis moves downward. However, the 
stress distribution presented in Fig. 26 shows a linear relationship 
with the applied load even at the failure load. This can be explained 
by the fact that the longitudinal stiffener can prevent the lateral 
deflection of the compression portion of the web, and the ineffective 
area of the web does not influence the location of the neutral axis as 
compared with the compression flange. 
5. Development of Design Methods 
In order to design longitudinally reinforced cold-formed steel beam 
webs subjected to pure bending, design criteria were developed during 
the investigation. This section includes detailed discussions of the 
requirements for longitudinal stiffeners and the bending capacity of 
adequately reinforced longitudinal beam webs for which the reduction 
of moment and postbuckling strength methods are used. 
a. Required Minimum Regidity for Longitudinal Stiffeners 
The required minimum regidity for longitudinal stiffeners is defined 
34 
by the limiting value of the stiffener's moment of inertia, I , such that 
o 
an increase in I above this value has little or no effect on the ultimate 
s 
bending capacity of beam webs. 4 The value of I It was studied experimen-
o 
tally, and found to be a function of the ratio cit of the web and the 
yield point of steel; c is the clear distance between the neutral axis 
and the compression flange. 
The values of ~lr are shown in Fi8S. 23, 24, and 25 for beam webs 
o 
having hit ratios of 200, 275, and 325 respectively. The values of 
I It 4 and the ratios of cit for three groups of specimens having hit 
o 
ratios equal to 200, 275, and 325 are listed in Table 8. 
Based on the experimental data in Table 8 and by using a statistical 
analysis system, SAS-76 (49), the following equation was derived to 
evaluate the required minimum rigidity for the longitudinal stiffeners 
located at 1/5 of the beam depth measured from the compression flange. 
I It 4 = 0.5l~ - 217 
o t y (26) 
Figure 27 is a plot of I It 4 versus the parameter ~, from which 
o t y 
Eq. 26 was derived. In this equation,F is in kips per square inches. y 
The ratio (I It4 )/(I It 4 ) for 22 beam specimens having adequately 
S 0 
s~iffened webs arc given in Table 7. 
b. Reduced Moment Resistance Method 
In the first phase of the research, the reduced moment 
resistance for the cold-formed steel beams with unreinforced webs having 
large hit ratios was compvted with the following equation (5): 
M = AS F 
u x y (27) 
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in which S = section modulus of the beam section determined by using 
x 
an effective compression flange area based on F y 
combined with the full web area 
F = y yield 
point of the stee~ ksi 
A ri-= 1.197 - 0.00144(h/t) ~ ~ 1.0 (28) 
k = buckling coefficient 
= 4 + 2(1+S) 3 + 2(1+S) (29) 
S = I f/fcl (30) 
This reduction in moment resistance compensates for the increase 
in compression flange stress resulting from the stress redistribution 
in the webs having high slenderness ratios. 
Based on the results obtained from this test program on 
longitudinally reinforced beam webs, Eq. 31 was derived for computing 
a reduction factor, A, which can be used to determine the moment resistance 
of cold-formed steel beams with longitudinally stiffened webs having 
hit ratios larger than 200. 
Y2 = 1.15 - 0.10 (wIt) < 1.05, when __ w:.:..!/~t=--_ 1 
(31) 
(32) 
( It) (wI t) ~. 8 w l' ~m lim (33) 
wit 
0.97, when (w/t)l" ~ 1.8 
1m 
For simplicity Y2 may be taken as 1.0. 
In the above equations, 
A the ratio (P) I(p) h or 
u test y t eo 
(Hu) test l (My) theo 
k = buckling coefficient for If If 1= 1.0 
o t c 
129.4 
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(w/t)l" = limiting wit ratio according to Section 2.3.1.1 
1m 
of the AISI Specification for load determination. 
Figures 28 and 29 present the plots of the ratio of A 
test 
versus the parameters of (h/t)~ and (w/t)/(w/t)l" , from which Eq. 31 y p 1m 
was derived. 
By using this concept of a reduction in the maximum flange bending 
stress, the moment capacities of the 22 beam specimens having adequately 
stiffened webs were evaluated. The values are listed in Table 9. The 
accuracy of this method is demonstrated by the ratios (M ) I (M ) u test u comp' 
which are also listed in the table. A study of Table 9 reveals that the 
ratios vary from 0.971 to 1.022 and have an average value of 0.998 and a 
standard deviation of 0.018. 
c. Postbuckling Strength Factor Method 
Based on the experimental results obtained from the investigation, 
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it was found that the postbuckling strength of longitudinally reinforced 
beam webs under pure bending is a function of three significant parameters. 
These parameters are the hit ratio of the web element, the wit ratio of 
the compression flange, and the yield point of steel. Even though the 
postbuckling strength may be affected by the ratio of maximum bending 
stresses, this parameter was not included in this phase of study. 
The variation of the postbuck1ing strength versus various parameters is 
shown graphically in Figs. 30, 31, and 32." This variation indicates that the 
postbuckling strength factor for beams having stiffened compression 
flanges can be determined by the following expression: 
~ = (34) 
in which = postbuckling strength factor 
= p Ip 
u cr 
a1 6.39(10-3)h - 0.697 t (35) 
a2 1.18 - 0.16 wit when wit (w/t)lim' (wit) l' < 2.0 1m 
(36) 
= 0.86 for wit (wit) ~ 2.0 
lim 
a 3 = 0.24 + 0.55(F 133) y (37) 
p 
= failure load u 
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P = theoretical buckling load 
cr 
(w/t)l' defined previously in Eq. 31 
1m 
The comparison of tested and computed postbuckling strength factors 
is represented graphically in Fig. 33. The comparison indicates that Eq. 34 
adequately predicts the postbuckling strength to within ±10% of the tested value. 
The moment capacities of 22 test specimens having adequately reinforced 
webs were evaluated by using the postbuckling strength factor approach. These 
capacities are given in Table 10. The accuracy of this method is indicated by 
the ratios (M ) I(M ) , which are also listed in Table 10. These ratios 
u test u comp 
range from 0.987 to 1.072 and have a mean value of 1.030 and a standard 
deviation of 0.024. 
D. Summary and Design Recommendations 
1. Summary 
In order to study the bending capacity of cold-formed steel 
longitudinally reinforced beam webs having hit ratios larger than 200, 
a total of 52 beam specimens with stiffened compression flanges were 
tested. Based on the results of these tests, the following conclusions 
can be drawn: 
a. The bending strength of the cold-formed steel longitudinally 
reinforced beams increases as the rigidity of the 
longitudinal stiffener increases,up to a limiting value of 
the stiffener's moment of inertia, I . 
o 
b. The limiting value,I ,is defined as the required minimum 
o 
rigidity for longitudinal stiffeners. It depends mainly on 





A formula was derived to determine the value of the required 
minimum moment of inertia of longitudinal stiffeners. See Eq.26. 
Adequately stiffened beam webs under bending can develop 
a yield stress on the flange without web buckling. These 
beam webs have hit ratios that range up to 275. 
For beam members whose web elements have larger hit ratios, the 
postbuckling strength of the webs is available. 7his was found 
to be a function of the depth-to-thickness ratio of the web, 
the flat width-to-thickness ratio of the compression flange, 
and the yield point of the steel. An equation for computing 
the postbuckling strength of the ~eb elements was derived 
and is prsented in Section III.C.S.c on page 37. 
f. The reduced moment resistance method for calculating the 
ultimate bending capacities of cold-formed steel beams with 
adequately stiffened webs is presented in Section II.C.S.b (p. 34). 
g. The accuracy of the methods which were used for pv~luating the 
bending capacity of cold-formed steel beams with longitudinally 
reinforced webs on the basis of the postbuckling strength in 
bending and the reduced moment reSistance, was ascertained by 
comparing the computed values with the tested values obtained 
from the investigation. The design methods provide satisfactory 
predictions of the moment capacity for all the test specimens. 
h. New design procedures were developed for beams with longitu-
dinally reinforced webs having hit ratios greater than 200. 
i. The present research can be considered as the 
initial phase of a study on the bending capacity of cold-
formed steel beams having longitudinally reinforced webs. 
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In order to complete the investigation, additional studies 
should be made on the following subjects: 
(1) Beams with stiffened flanges 
--Effect of the maximum stress ratio If If I 
t c 
--Shape and location of longitudinal stiffeners 
(2) Beams with unstiffened flanges 
2. Design Recommendations 
Based on the research findings of the investigation on beams 
having stiffened compression flanges, the following recommendations 
are proposed for the design of cold-formed steel beams with longitu-
dinally reinforced webs having hit greater than 200. 
a. The longitudinal stiffener shall be proportioned so that 
I =2t4[O.515~ - 217] 
o t y 
(38) 
in which 
I = the required minimum moment of inertia of 
0 
the longitudinal stiffener about its own 
centroid, in. 1+ 
c = clear distance from the neutral axis to the 
compression flange, in. 
t thickness of the web, in. 
F yield point of the steel, ksi. 
y 
b. Reduced Moment Resistance Method 
The maximum bending stress in a web that results from bending 
in its plane* shall not exceed AF. 
*The maximum bending stress in the web is computed from the section 
modulus based on the effective area of the compression flange of the beam 
section and full area of the web. 
where 
in which 
A = YY 2 <1.0 1 -
F = basic design stress = 0.6F Y 
hit Yl = 1.295 - 2.33(10-3)t ~
° 
Y2 = 
1.15 - O.lO(w/t/(w/t)lim) < 1.05, when 
w/t/(w/t)lim < 1.8 
= 0.97, when w/t/(w/t) lim ~ 1.8 
k = 129.4 for longitudinal stiffeners located 
° 
at 1/5 of the web depth with a ratio of 





The compression stress in a web that results from bending in 
its plane* shall not exeed either F or ~Fbw 
F = basic design stress, ksi 
l6,000k 
Fbw = (h/t)20, ksi 
(42) 
(43) 
*The compression stress in the web is computed from the section modulus, 
Sx' based on the full area of the web and the effective area of the 
compression flange of the beam section determined on the basis of Fbw or 
F, whichever is smaller. 
= 1.18 - 0.16(w/t/(w/t)l' < 1.0, when 1m -
w/t/(w/t)l' < 2.0 1m 
= 0.86, when w/t/(w/t)l' > 2.0 
1m -
0.24 + 0.55(F /33) y 
k = 129.4 for longitudinal stiffeners located at 
o 
at 1/5 of the web depth with a ratio of 





In addition, the tensile stress in a web that results from 
bending in its plane* shall not exceed F for beams having 
a neutral axis close to the compression flange. 
In the above design recommendations, Item (a) is based on Eq. 26 
and a factor of safety of 2.0. A safety factor of 1.67 is used for Items 
(b) and (c). 
*The tensile stress in the web is computed from the section modulus based 
on the effective area of the compression flange of the beam section and the 
full area of the web. 

A. General 
IV. STUDY OF SHEAR STRENGTH OF LONGITUDINALLY 
REINFORCED BEAM WEBS 
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The shear strength of longitudinally reinformed beam webs of hot-ro~led 
shapes and welded plate girders was studied by Rockey ~ al. (36) 
and Cooper (37). Their research findings served as the basis for the 
development of the design criteria included in the current AASHTO 
Specification (46). In the field of cold-formed steel structures, 
little work has been done to study the structural behavior of longitu-
dinally reinforced beam webs that are subjected to shear stress. For 
this reason, an analytical and experimental study of the shear strength 
of cold-formed steel longitudinally reinforced beam webs was under-
taken under the sponsorship of American Iron and Steel Institute. 
The objective of the present study has been to determine the buckling 
and postbuckling strength of beam webs with longitudinal stiffeners 
when they are subjected primarily to shear stress. 
B. Analytical Study 
The theoretical studies of the shear strength of longitudinally 
stiffened plate girders were made by Rockey ~ al. (36) and Cooper (37) in 
the early 1960's. It was found that the strength of longitudinally 
reinforced beam webs subjected to shear stress is a function of the 
depth-to-thickness ratio of the web. the support condition along the 
edges, the aspect ratio of the web element, the position of the 
longitudinal stiffener, the mechanical properties of the material. and the 
initial imperfections. 
In the field of cold-formed steel structures, the strength of stiffened 
beam webs in shear has not been fully investigated. An experimental study was 
44 
carried out in the present investigation to demonstrate the validity of 
available theories for cold-formed steel beams with longitudinally 
reinforced webs. 
C. Experimental Investigation 
The objective of the experimental investigation was to determine 
the strength of longitudinally reinforced webs subjected primarily to 
shear. In this study, consideration was given to the slenderness ratio 
of the web, the aspect ratio of the web element, the flange width-to-
thickness ratio which reflects the boundary conditions along the edges, 
and the mechanical properties of the web material. 
The position of the longitudinal stiffener was at one-fifth depth 
of the web element, and the stiffener dimensions were designed such 
that the stiffener moment of inertia was larger than the limiting value 
given by Eq. 26. 
A total of 32 beam specimens were tested. They were fabricated 
as shown in Fig. 34. All of the tests were conducted at the 
Engineering Research Laboratory of the University of Missouri~Rolla. 
Topics to be discussed in this section are (1) preparation of beam 
specimens, (2) testing of beam specimens, (3) results of tests, and 
(4) evaluation of test data. 
1. Preparation of Beam Specimens 
The beam specimens were fabricated from channel sections in the same 
manner as the bending test specimens. For fabrication details see 
Section III.C.l. 
Cold-formed transverse stiffeners were also provided at the supports 
and at the locations of the applied concentrated loads to prevent 
premature failure due to web crippling. For details about the tranaversc 
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stiffeners, refer to Section IV.A.l of Ref. 11. 
In order to prevent bending failure, additional cover plates were 
provided on both compression and tension flanges. Fig. 34 shows the 
dimensions of these additional plates. 
The actual cross-sectional dimensions of all the beam specimens used 
in the investigation are listed in Table 11. Table 12 contains the 
longitudinal stiffener dimensions and locations. Table 13 is a tabulation 
of the pertinent parameters that affect the shear strength of the web 
element. 
In order to check the critical shear buckling stress in the large 
subpanel, foil strain gages were mounted on the beam webs as shown in 
Fig. 35. Strain gages were also mounted on the compression and tension 
flanges (Fig. 35) to determine the bending stress of the beam specimens. 
In addition to the use of strain gages, grid lines at 1/2 in. 
intervals were plotted on the opposite sides of each beam web. They were 
used for recording the buckling pattern and for measuring the profile of 
the deformed webs. All measurements were recorded and printed out on 
tape by using a 40-channel data acquisition system (Fig. 17). 
2. Testing of Beam Specimens 
a. Tensile Coupon Tests 
The mechanical properties of the steel used for the beam specimens were 
established by standard tensile coupon tests. All coupons were prepared 
in accordance with ASTM E8 and tested in a l50,OOO-lb. Tinius Olson 
universal testing machine. Table 4 contains the test data on yield point, 
ultimate tensile strength, and elongation measured from a 2-in. gage 
length. 
b. Beam Tests 
(i) Test Setup 
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Three different types of test setup and loading conditions are shown 
in Figs. 36, 37,and 38. 
Test Setup-A was used for 28 test specimens with small aspect ratios. 
Test Setup-B was used for specimens SH-4-l and SH-4-2,which had a large 
aspect ratio (a = 3.0). In addition, specimens Nos. SH-S-3 and SH-S-4 
were tested by using Test Setup-C to study the effect of warping or 
buckling restraint caused by the symmetry of the loading system in Test 
Setup-A. 
The moment and shear diagrams for different loading systems are 
given in Fig. 39. 
Figure 40, which is a photograph of a typical test setup, shows 
the details of the lateral braces. 
(ii) Test Procedure 
During each test, loads were applied in 1/2 kip increments up to the 
predicted theoretical buckling load of the large subpanels. Smaller 
loading increments were used before and after the predicted web buckling 
load. For each increment of loading, the applied jack load and strain 
gage readings were recorded and printed out on tape by using a 40-channel 
data acquisition system (Fig. 17). In addition, lateral displacements of 
one web were measured at several selected applied loads, which included 
the following loading conditions: 
Initial loading 
Observed shear buckling load 
Predicted shear buckling load 
Failure load 
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The lateral deformations of the web were measured to the nearest one 
thousandth of an inch (0.001 in.) by using five linear potentiometers 
attached to a movable frame (Fig. 18). The readings of the potentiometers 
were also recorded and printed out on tape with the data acquisition system. 
3. Results of Tests 
For each test specimen, the following applied jack loads were obtained 
and recorded as applicable: 
(P) - the critical load initiating web buckling of the 
cr test 
larger subpanel caused by shear stress 
(P ) - the maximum failure load for the beam specimen 
u test 
The experimental loads and their corresponding shear forces for all 
beam specimens are given in Table 14. Also listed in this table are the 
values of maximum bending moment, (M')test' which were computed from 
(Pu)test' 
The critical buckling load, (P) , was determined by using the 
cr test 
strain-reversal method described by Phung and Yu (11). 
4. Evaluation of Test Data 
The required minimum rigidity of the longitudinal stiffeners, Io/t4, 
was evaluated by using Eq. 26. The values of the ratio (I /t4 )/(I /t4) s 0 
were computed and are listed in Table 14. These values should be 
greater than unity to provide for adequately stiffened beam webs. 
The shear stress, which corresponds to the critical buckling load 
was computed by using the average stress method, i.e., 
(46) 
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in which (V) is the tested shear force at the initiation of web 
cr test 
buckling, A represents the area of the beam webs, h is the clear distance 
w 
between flanges, and t is the thickness of an individual beam web. 
Table 14 lists the value of (T) for each beam specimen. 
cr test 
The experimentally determined ultimate shear stress corresponding 
to the failure load, (P) t' was computed on the basis of two different 
utes 
methods: the average method and the exact method. 
fail The average shear stress corresponding to the failure load, T was 
ave ' 
evaluated by using Eq. 47. 
T fail = 
ave 
= (47) 
in which (Vu)test is the tested maximum shear force of the beam specimens. 
In the exact method, the experimental shear stress at failure, 
T
fail 





(v ) Q 
u test 
Ib (48) 
in which tested external shear force of the section in 
question 
Q = statical moment of that portion of the section 
lying above or below the line on which T is 
desired, taken about the neutral axis 
I = moment of inertia of the full area of the section 
about the neutral axis 
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b = width of the section where shear stress is desired. 
The maximum shear stresses computed on the basis of Eqs. 47 and 48 
are given in Table 14. Also listed in this table is the ratio of 
fail / fail h" h " d" hi" f 1 114 T T • W 1C 1n 1cates t at t lese ratl.os vary rom. to 1.222. 
exact ave 
It should be noted that the maximum shear stress determined by Eq. 48 
occurs at the neutral axis of the cross section, whereas the shear stress 
calculated on the basis of Eq. 47 is a constant value across the beam 
section (Fig. 41). 
The ultimate bending capacities of the beam specimens, (M ) ,are 
u comp 
determined by M or AM whichever is smaller. The reduction factor A is 
y Y 
computed by using Eq. 31. Tables 15 and 16 list the values of (M ) 
u comp 
for all the test specimens. 
The above tested results were compared with the theoretical 
values as discussed in the following sections. 
4. Evaluation of Test Data 
The results of 32 shear tests were carefully reviewed and 
evaluated. The following topics are discussed in detail: (a) failure 
modes (b) comparison of the experimental and theoretical shear buckling 
stresses, (c) postbuckling strength of longitudinally reinforced beam 
webs subjected to shear, (d) comparison of the experimental and 
theoretical ultimate shear stresses based on a modified Rockey's theory. 
a. Failure Modes 
The failure mechanism of the shear panel was observed very carefully 
while the specimens were being tested. It was seen that web buckling 
occurred in the large subpanel bounded by the longitudinal stiffeners. 
This is represented by the buckling deformation line as shown in Fig. 42. 
Subsequent to the buckling, large deformations occasioned by the 
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development of a single tension field which was independent of the longi-
tudinal stiffener were observed. This tension field action anchored with the 
transverse stiffeners at both compression and tension flanges and no 
plastic hinges were formed in the flanges between two transverse stiffeners 
(Fig. 42). Fig. 43 is a photograph of a typical failure pattern. Figs. 44(a) 
to 44(e) are profiles of the deformed webs under different loading 
conditions. 
Based on the preceding discussion, it seems that Rockey's theory on 
the shear strength of plate girders that based.on a single tension field 
can provide a good prediction of the structural strength of cold-formed 
steel beams with longitudinally stiffened webs provided that the effect 
of the flanges is assumed to be negligible. 
When transverse stiffeners are not used, the shear strength of 
the beam web depends on the buckling load of the larger subpanel 
because the tension field action can not be fully developed. 
b. Comparison of the Experimental and Theoretical Shear 
Buckling Stresses 
The theoretical critical shear buckling stresses, L ,of the larger 
cr 
subpanel were calculated by using Eq. 6 in which the hit ratio is replaced 
by the ratio of h2/t of the larger subpanel (Fig. 7). These values 
are listed in Table 16. 
A comparison was also made of the experimental and theoretical 
buckling loads. This is presented by the ratio of (L) IL, which 
cr test cr 
is listed in Table 16. The values of this ratio range from 0.739 to 
1.449 and have a mean value of 1.049 and a standard deviation of 0.168. It 
was noted that the exact shear buckling loads were difficult to determine 
experimentally. however, with an average value of 1.049 for the ratio 
of (Lcr)test/Lcr' the test results provide a reasonable indication of the 
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buckling behavior of the beam webs subjected to shear stress. 
c. Postbuckling Strength of Longitudinally Reinforced Beam 
Webs Subjected to Shear 
The postbuckling strength of webs under shear is represented by the 
fail/ ratio of T T which is given in Table 16. These ratios range from 
ave cr 
1.738 to 3.968 and have an average value of 2.590. 
A study of the test results indicates that the postbuckling strength 
depends on the web slenderness ratio, the aspect ratio of the web panel, 
and the yield point of the steel. 
d. Comparison of the Experimental and Theoretical Ultimate 
Shear Stresses Based on a Modified Rockey's Theory 
As discussed in Section IV.C.4.a concerning the failure mechanism 
of the stiffened shear panel, it seems that Rockey's model on the shear 
strength of longitudinally stiffened plate girders can be applied to the 
cold-formed steel reinforced beam webs subjected to shear stress provided 
that modifications are made to neglect the effect of the flanges 
upon the shear capacity of the beam webs. This modified Rockey's theory 




n(T -T ) 
+ y cr 
Tcr 2(}Il+o.Z +0.) 
T = buckling stress of the large subpanel 
cr 
(49) 
k = buckling coefficient that has been defined in Eqs. 7 
and 8 
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a = aspect ratio of stiffened web panel 
= a/h 
T = F /13 = shear yielding stress y y 
The theoretical ultimate shear stresses, T , computed by using Eq. 49, 
u 
are listed in Table 16 for all the test specimens. 
In an attempt to verify the modified Rockey's formula for cold-
formed steel longitudinally reinforced beam webs subjected to shear, the 
. fail/ 
rat10 of T T was established (Table 16). 
ave u 
This ratio is an indication 
of the relationship between the experimental and theoretical ultimate 
fail/ shear stresses. Table 16 reveals that the ratios of T T vary from 
ave u 
0.887 to 1.230. They have an average value of 1.023 and a standard 
deviation of 0.079. 
1 d 1 16 h . f ~fail /T and ~fail/~ • Also iste in Tab e are t e rat~os 0 • L.
exact y ave y 
The former range from 0.371 to 0.793, whereas the latter vary from 
0.327 to 0.676. These values indicate that for beam webs with hit ratios 
larger than 200, the beam specimens cannot develop shear yielding. 
D. Summary and Design Recommendations 
1. Summary 
In order to study the structural behavior of longitudinally reinforced 
beam webs subjected to shear stress, a total of 32 beam specimens were 
tested. Based on the experimental data, the following conclusions 
can be drawn: 
a. The elementary beam theory based on shear buckling cannot 
be used to predict the shear strength of longitudinally 
reinforced beam webs,because a considerable amount of 
postbuckling strength was developed. 
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b. Although the exact buckling load for beam webs is difficult 
to obtain from tests, the use of the strain-reversal method 
provides a fairly good correlation between the experimental 
and theoretical shear buckling loads for beam webs with 
longitudinal stiffeners. 
c. The postbuckling strength of longitudinally reinforced beam 
webs under shear is a function of the web slenderness ratio, 
the aspect ratio of the web panel, and the yield point of the 
web material. 
d. The compactness of the flanges of the cold-formed steel beam 
specimens has little or no effect on the ultimate shear 
capacity. 
e. The modified Rockey's formula presented in the study 
provides a good prediction of the ultimate shear capacity 
for cold-formed steel longitudinally stiffened beam webs. 
f. The required minimum rigidity for a longitudinal stiffener is 
expressed by Eq. 26. 
g. Because the proportional limit for cold-formed steel is generally 
less than that for hot-rolled steel, a proposed value of O.7T y 
may be used for inelastic shear buckling. 
h. The research reported herein can be considered as an initial 
phase of a study on the shear strength of cold-formed steel 
beams having longitudinally reinforced webs. In order to 
complete this investigation, additional studies should be 
made on the following subjects: 
(1) Location and shape of longitudinal stiffeners 
(2) Arrangement of transverse and longitudinal stiffeners 
(3) Combined bending and shear 
54 
2. Design Recommendations 
In the case of reinforced beam webs with longitudinal stiffeners 
subjected to shear stress, the postbuckling strength was noted in this 
study. The following design recommendations, using a factor of safety 
equal to 1.67, are proposed for consideration: 
(i) For reinforced beam webs with longitudinal stiffeners, the 
average shear stress, f , in kips per square inch, shall not 
v 
exceed the value given by Eq. 50 
F l-C 
F = -L[ C + v 1 < 0 4F 
v 2.89 v 1.l5(/I+(a/h)2+a/h) . y (50) 
in which 
C 46l80k when C 0.7 = F (h 1t)2' < v v y 2 
180 ;1=, when >0.7 = (h/t) C v y 
k = 4.00 + 5.34 when alh < 1. 0 (a/h) 2' 
= 5.34 + 4 when a/h> 1.0 (a/h)2' 
h = clear distances between flanges in , . 
h2 = clear distance between the flange and centerline 
of longitudinal stiffener of the larger subpanel, 
in. 
and F 
t = thickness of the web, in. 
a = distance between transverse stiffeners, in. 
F = yield point of the steel, ksi y 
(ii) The moment of inertia of the longitudinal stiffener with 
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reference to the axis through its own centroid shall not 
be less than the value given by Eq. 51 
I = t~[0.5l~-2l7J 
o t y (51) 
in which c is the clear distance from the neutral axis to the 
compression flange, in inches. 
(iii) Longitudinal stiffeners are not required when the hIt ratio 
of the web is less than 200 and the average shear stress is 
less than that permitted by Eqs. 52 and 53. 
(52) 
IkF 
Fv = 62.2(h/~) ~ 0.4Fy ' for Cv > 0.7 (53) 
The notations used in these formulas are defined in Item (i). 





v. WEB CRIPPLING STRENGTH OF LONGITUDINALLY 
REINFORCED BEAM WEBS 
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In the 1950's, the web crippling problem of cold-formed steel beams 
having unreinforced webs was studied analytically and experimentally at 
Cornell University by Zetlin (39) and Winter and Pian (44). The test results 
have served as the basis for the development of the current AISI design 
criteria. Recently, additional work has been conducted by Swedish 
investigators (45) to study the web crippling loads for trapezoidal shapes 
with longitudinally stiffened webs having hIt ratios less than or equal 
to 170. 
Because the web crippling strength of longitudinally reinforced beam 
webs having large hIt ratios has not been fully investigated, the purpose 
of the present study has been to determine the web crippling loads of cold-
formed steel beam webs with longitudinal stiffeners, when the webs are 
subjected to interior one-flange loading. It is intended to use these 
research findings for the possible development of new design criteria for 
longitudinally stiffened beam webs. 
B. Analytical Study 
The theoretical analysis of the web crippling problem is extremely 
complicated,because it involves a combination of nonuniform stress 
distribution under the applied load, elastic and inelastic instability 
of the web element, local yielding in the immediate region of the applied 
load, and bending produced by an eccentric load. Therefore, the design 
criteria for unreinforced beam webs included in Section 3.5 of the AISI 
Specification were developed on the basis of information obtained 
from an experimental study conducted at Cornell University by Winter and 
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Pian (44) and Zetlin (39). 
Based on these studies, the ultimate web crippling loads of 
unreinforced webs were found to be a function of N/t, hIt, R/~ and Fy ' 
For the case of longitudinally reinforced beam webs, the hIt ratio may 
be replaced by the ratio hI/t, in which hI is the clear distance 
from the longitudinal stiffener to the compression flange. In addition, 
the stiffener rigidity plays an important role in controlling the lateral 
deflection of the stiffened web and may have an effect on the web 
crippling load. 
C. Experimental Investigation 
The objective of the experimental investigation was to determine 
the ultimate web crippling load for longitudinally reinforced beam webs 
when they are subjected to interior one-flange loading. The longitudinal 
stiffeners were made by forming the thin web into a V-shape as shown in 
Fig. 1. For the purpose of consistency with the bending specimens, the 
position of stiffeners is also located at one-fifth of the web depth 
measured from the compression flange. In the study, consideration was 
given to the effect of various parameters,such as (1) the web slenderness 
ratio hit, (2) the bearing length to thickness ratio, (3) the aspect 
ratio,a/h, (4) the corner radius to thickness ratio.R/t, (5) yield point 
of steel, (6) the thickness of the web, and (7) the longitudinal stiffener 
dimensions. 
In the investigation, a total of 44 tests were conducted in the 
Engineering Research Laboratory of the University of Missouri-Rolla. The 
following discussions deal with (1) preparation of beam specimens, 
(2) testing of beam specimens, (3) results of tests, (4) evaluation of 
test data, and (5) development of a design method. 
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1. Preparation of Beam Specimens 
The beam specimens were fabricated by combining two channel sections 
as shown in Fig. 10. The channels were braced by 3/4 x 3/4 x 1/8 in. 
angles at the top flange and by 3/4 x 1/8 in. rectangular bars at the 
bottom flange. 
Small cold-formed steel channel sections were used as transverse 
stiffeners. These stiffeners were connected to the web by using self-
tapping screws (#12-14 x 3/4 in. Tek. No.3 Fasteners). 
Table 17 lists the cross-sectional dimensions of all the test specimens. 
The longitudinal stiffener dimensions and their locations are given in 
Table 18. Table 19 gives the pertinent parameters which includes the ratio 
of I /1 in which I is the required minimum stiffener rigidity computed 
sao 
by using Eq. 26. 
Grid lines were plotted at 1/2 in. intervals on one side of the beam 
web to measure the profile of the deformed web. All measurements were 
recorded and printed out on tape by a data acquisition system (Fig. 17). 
2. Testing of Beam Specimens 
a. Tensile Coupon Test 
The mechanical properties of the steels used for this series of tests 
are presented in Table 5. See Section III.C.2.a for the discussion of 
the tensile coupon tests. 
b. Beam Tests 
(i) Test Setup 
Each beam specimen was tested with simply supported condition as 
shown in Fig. 45. Rollers and bearing plates were used at each end. The 
concentrated load was applied at midspan of the beam by means of a 
hydraulic jack. An electric load cell was placed between the jack and 
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the beam to measure the applied jack load. In addition, lateral braces 
were provided to prevent the beam from moving laterally. 
Figure 46 shows a photograph of test setup and details of the lateral 
supports. 
(ii) Test Procedure 
During each test, load was applied by an increment of 10% of the 
predicted ultimate load. For each increment of loading, the applied jack 
load was recorded and printed out on tape by using a 40-channel data 
acquisition system. In addition, lateral displacements of one web were 
measured at several selected applied loads, which included the following 
three loading conditions: 
Initial loading 
At one-half of the predicted failure load 
Failure load 
The readings were also recorded and printed out on tape with the 
data acquisition system. 
3. Results of Tests 
For each test specimen, the failure load per web, (P ) ,was 
u test 
obtained and recorded. Table 20 lists the values of (P)t for 44 
u est 
beam specimens. 
4. Evaluation of Test Data 
The results of 44 beam tests have been carefully evaluated in 
this study. The following topics are discussed in the subsequent 
sections: (a) failure modes, (b) development of a p~ediction formula, and 
(c) comparison of the experimental and predicted web crippling loads. 
a. Failure Modes 
It was observed that for specimens having small longitudinal stiffeners 
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the stiffened web buckled laterally before it failed by a formation of a 
localized web crippling curve. However, in the case of beam webs with 
large longitudinal stiffeners, the failure occurred in the web underneath 
the bearing plate as shown in Fig. 47. This phenomenon indicates the 
stiffening effect provided by the stiffeners for the flexural behavior 
of the reinforced web panel. 
A typical profile of the deformed web is shown in Fig. 48. 
b. Development of a Prediction Formula 
In view of the fact that the resistance of beams to web crippling 
for longitudinally reinforced beam webs depends primarily on t, N/t, hl/t, 
R/t, F ,and the stiffener rigidity, a design formula was developed on the y 
basis of the linear estimation of least squares(49) applied to the test 
data obtained from 44 test specimens. This formula is given in Eq. 54 
for prediction of the ultimate web crippling load under the interior 
one-flange loading condition. 
t 2 F h 
(P ) = ~l03 ClC2[l4765+97.3~tJ[l.l6l-2.95(10-3)tl] 
u comp 
in which (P ) is the predicted ultimate web crippling load based on 
u comp 
the modified equation , in kips per web 
t = web thickness, in. 
N = actual length of bearing, in. 
hl = clear distance between center-line of longitudinal 
stiffener to compression flange 
(54) 
F = yield point, ksi. 
y 
Cl = (1.22 - 0.22Fy /33) < 1.0 
C2 = (1.06 - 0.06R/t) ~ 1.0 
c = clear distance from the center-line of longitudinal 
stiffener to the compression flange. 
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d. Comparison of the Experimental and Predicted Web Crippling 
Loads 
A comparison was made of the experimental and computed web crippling 
loads based on Eq. 54. These values are given in Table 20. This table 
indicates that the ratios of (P ) /(P ) vary from 0.920 to 1.067 and 
u test u comp 
have an average value of 0.994 and a standard deviation of 0.055. 
The tested and computed web crippling loads are also compared in 
Fig. 50, which shows that Eq. 54 adequately predicts the web crippling 
loads to within +20% of the tested values. 
D. Summary and Design Recommendations 
1. Summary 
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The crippling strength of longitudinally reinforced beam webs has 
been studied, and on the results obtained from 44 test specimens, 
the following conclusions can be drawn: 
a. The current AISI Specification does not include any specific 
design provision for the web crippling strength of 
longitudinally reinforced beam webs. 
b. The web crippling strength of longitudinally reinforced beam 
webs is a function of t, Nit, h1lt, Rlt, and Fy ' 
c. For longitudinally reinforced beam webs having hit ratios 
greater than 200, a design formula, Eq. 54, WUG developed. 
This design equation provides good correlation with the 
tested loads governed by web crippling. 
d. For the sake of uniformity with unreinforced beam webs (5), 
a safety factor of 1.85 is desirable for development of the 
design criteria. 
e. The research work reported herein can be considered as an 
initial phase of a study on the web crippling strength of 
cold-formed steel beams having longitudinally reinforced 
webs. In order to complete this investigation, additional 
studies should be made on the following subjects: 
(1) Single unreinforced webs 
--Interior two-flange loading 
--End reactions (one-flange and two-flange loadings) 
(2) Combined web crippling and bending 
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(3) I-sections 
2. Design Recommendations 
Based on the findings of this phase of the web study, the following 
design formula is recommended for the design of longitudinally reinforced 
beam webs subjected to web crippling loads. 
To avoid crippling of longitudinally reinforced beam webs having hIt 
ratios larger than 200, concentrated loads and interior reactions located 
on the span of beams shall not exceed the value P given below· ~x . 
(56) 
In the above formula, P = allowable concentrated load or interior 
max 
reaction, kips per web. Other notations were defined with Eq. 55. 
VI. CONCLUSIONS 
In this investigation, experiments were conducted to study the 
structural behavior of cold-formed steel beams having longitudinally 
reinforced webs subjected to bending, shear, and web crippling. The 
following research findings are summarized for three defferent cases: 
A. Bending Strength of Longitudinally Reinforced Beam Webs 
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The results of 52 test specimens of longitudinally reinforced beam 
webs subjected to bending indicate that the theoretical buckling equation 
for stiffened web elements under bending provides a good prediction of the 
actual Duckling load if the beam web has an adequate stiffener. 
For an adequately reinforced beam web, the postbuckling strength of 
the web elements under bending was found to be a function of the depth/ 
thickness ratio, the flat width/thickness ratio of the compression flange, 
and the yield point of the steel. An equation for calculating the 
postbuckling strength factor was developed during the study. In 
addition, the reduction of moment resistance was evaluated for the 
bending capacity of longitudinally reinforced beam webs. Finally, the 
required minimum moment of inertia of longitudinal stiffeners was also 
investigated. 
B. Shear Strength of Longitudinally Reinforced Beam Webs 
The shear strength of longitudinally reinforced beam webs was 
studied. The test data of 32 beam specimens indicate that a considerable 
postbuckling strength is developed through the formation of a tension 
field action, which is independent of the longitudinal stiffeners. On 
the basis of the experimental results, formulas and design recommendations 
were developed for the cold-formed steel longitudinally stiffened beam 
webs under shear stress. 
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C. Web Crippling Strength of Longitudinally Reinforced Beam Webs 
A total of 44 tests were conducted to study the web crippling 
strength of longitudinally reinforced beam webs when they are subjected 
to interior one-flange loading. Based on the test results, it was found 
that the ultimate web crippling load is a function of t, Nit, hIlt, Rlt, 
and F. Consequently, an empirical formula was derived to predict the web y 
crippling load of cold-formed steel beam webs with longitudinal stiffeners. 
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NOTATION 
The following symbols are used in this report: 
A, As = cross-sectional area of longitudinal stiffener, in inches2 ; 
a = distance between two applied concentrated loads, in inches; 
b overall width of a plate element, in inches; 
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CI, C2 = correction factors for yield point of steel and corner radius; 
c = clear distance from the centerline of longitudinal stiffener to 
the compression flange; 
c = distance measured along the flange from the transverse stiffener 
to the plastic hinge, in inches; 
D flexural rigidity of a plate; 
d = actual distance between transverse stiffeners, in inches; 
E modulus of elasticity, in kips per square inches; 
e 1 , e 2 = distance between conterline of the web to the outermost of longi-
tudinal stiffener, in inches; 
e
max 
= maximum value of ~1 and~2, in inches; 
Fv = allowable shear stress of transversely reinforced beam web, in 
kips per square inch; 
Fy yield point of material, in kips per square inch; 
f actual stress in compression flange, in kips per square inch; 
fb calculated compressive bending stress in the flange, in kips per 
square inch; 
fc = maximum compressive bending stress in web, in kips per square inch; 
fcr = critical buckling stress in bending, in kips per square inch; 
f t = maximum tensile bending stress in web, in kips per square inch; 
h = clear distance between flanges measured along the plane of the web, 
in inches; 
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hI = clear distance between centerline of longitudinal stiffener to 
compression flange, in inches; 
hZ clear distance between centerline of longitudinal stiffener to 
tension flange, in inches; 
I = moment of inertia of full section, in inches4 ; 
I required minimum moment of inertia of longitudinal stiffener with 
o 
respect to its own centroidal axis parallel to the plane of the 
web, in inches4 ; 
Is actual moment of inertia of longitudinal stiffener with respect 
to its own centroidal axis parallel to the plane of the web,. in 
inches4 ; 
K = buckling coefficient in compressive patch load; 
Ks = correction factor in web crippling for emax/t; 
k buckling coefficient in bending; 
ko maximum value of buckling coefficient of a longitudinally stiffened 
plate in bending; 
(Mo)test = tested bending moment of unreinforced beam web, in inch-kips; 
Mu, (Mu)comp computed ultimate bending moment, in inch-kips; 
(Mu)test = tested bending moment of reinforced beam webs; 
N length of bearing plate, in inches; 
P = concentrated patch load, in kips; 
Pcr = theoretical buckling load, in kips; 
(Pcr}test = critical load initiating web buckling caused by bending stress, in 
kips; 
critical load initiating web buckling caused by bending stress, 
in kips; 
(Pu)test = ultimate failure load, in kips; 
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(PY)test tested yield load of beam specimen in bending, in kips; 
Q = statical moment of area taken about the neutral axis, in inches4 ; 
R, r = inside bend corner radius, in inches; 
Rd ultimate web crippling load, in kips; 
S section modulus based on Fy ' in inches
3 ; x 
, 
in inches3; S section modulus based on f cr ' x 
Sw = web depth, in inches; 
t = thickness of base material, in inches; 
(V ) tested shear buckling force, in kips', cr test 
(Vu)test = tested shear force at failure, in kips; 
w = flat-width of compression flange, in inches; 
a = aspect ratio of plate element; 
al = postbuckling strength factor in bending for hit; 
a2 = postbuckling strength factor in bending for (w/t)/(w/t)l. ; 1m 
a3 = postbuckling strength factor in bending for Fy; 
Y parameter for stiffener rigidity; 
Yo required minimum value of Y; 
Yl reduction factor in moment capacity for hit; 
Y2 = reduction factor in moment capacity for (w/t)/(w/t)l. ; 1m 
8 ratio of stiffener area to web area; 
8 = inclination of the tension field stress; 
8d angle of panel diagonal with flange; 
A = reduction factor in bending; 
~ = Poisson's ratio; 
crt = tension field stress, in kips per square inch; 
Tfail = average shear stress at failure, in kips per square inch; avg 
T = critical shear buckling stress, in kips per square inch; cr 
T = critical elastic shear buckling stress, in kips per square cre inch; 
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l = cri critical inelastic shear buckling stress, in kips per square inch; 
(Tcr)test = tested critical shear buckling stress, in kips per square inch; 
fail lexact failure shear stress based on beam theory, in kips per square inch; 
l pr = proportional limit in shear, in kips per square inch; 
lU theoretical ultimate shear stress, in kips per square inch; 
ly = shear yield stress, in kips per square inch; 
~ = postbuckling strength factor in bending; 
Beam 
Specimen 
No. Thick. Bl 
H-la-l 0.0411 6.785 
H-la-2 0.0412 6.748 
H-2a-l 0.0409 13.094 
H-2a-2 0.0407 13.125 
TABLE 2 
DIMENSIONS OF BENDING TEST SPECIMENS 
(HAT SECTIONS) 
Dimensions (in.) 
B2 B3 Dl 
1.475 1.437 13.500 
1.465 1.516 13.500 
1.481 1.483 13.375 
1.483 1.499 13.500 
Notes: 1. See Fig. 11 for the symbol used for dimensions 
2. Refer to Fig. 12 for definition of £ 
3. Beam specimens are designated as follows: 
H la 1 
Hat Section Beam No. Test No. 
Span t 
length (in. ) D2 R (in. ) 
13.500 0.0781 110 32 
13.375 0.0781 110 32 
13.469 0.0781 110 32 
















































DIMENSIONS AND LOCATIONS OF LONGITUDINAL STIFFENERS 
FOR BENDING TEST SPECIMENS 
Dimensions (in.) Location 
al a2 a3 a4 HI 
0.249 0.250 0.250 0.251 1.688 
0.253 0.250 0.247 0.250 1.688 
0.374 0.370 0.376 0.380 1. 766 
0.375 0.374 0.376 0.375 1.813 
0.561 0.553 0.540 0.546 1. 719 
0.535 0.543 0.560 0.562 1. 703 
0.891 0.875 0.906 0.859 1. 750 
0.875 0.953 0.891 0.905 1.719 
0.219 0.250 0.313 0.250 2.313 
0.250 0.250 0.250 0.250 2.359 
0.375 0.375 0.375 0.375 2.344 
0.375 0.375 0.375 0.375 2.328 
0.469 0.531 0.516 0.500 2.313 
0.469 0.547 0.500 0.500 2.344 
0.750 0.750 0.750 0.750 2.328 
0.750 0.750 0.750 0.750 2.359 
1.016 1.063 1.000 1.047 2.359 
1.031 1.016 0.984 1.047 2.625 
0.375 0.375 0.375 0.375 2.703 
0.375 0.375 0.375 0.375 2.672 
O.SOO O.SOO 0.500 0.500 2.719 
0.484 0.500 0.516 0.500 2.703 
0.766 0.734 0.750 0.781 2.781 
0.766 0.797 0.750 0.781 2.750 








































TABLE 3 (continued) 
Beam Dimensions (in. ) Location (in. ) 
Specimen 
No. a1 a2 a3 a4 HI H2 
B-6a-2 0.484 0.508 0.531 0.477 1.359 1.516 
B-7a-1 0.750 0.734 0.766 0.773 2.141 2.078 
B-7a-2 0.742 0.766 0.758 0.750 2.172 2.172 
B-8a-1 0.984 1.000 0.992 1.016 2.516 2.547 
B-8a-2 1.063 1.094 0.992 1.000 2.531 2.218 
B-9a-1 1.000 1.375 1.016 0.969 2.734 2.750 
B-9a-2 1.063 1.188 1.125 1.000 2.641 2.672 
H-1a-1 1.063 0.984 0.969 1.031 2.703 2.719 
H-1a-2 1.031 1.000 1.000 1.039 2.750 2.625 
H-2a-1 1.047 0.969 0.961 1.031 2.641 2.672 
H-2a-2 1.125 0.969 0.984 1.063 2.750 2.547 
Note: See Figs. 10 and 11 for definition of the symbols used 
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TABLE 4 
PERTINENT PARAMETERS FOR BENDING TEST SPECIMENS 
Beam F 
a Specimen hit wIt (w/t}l' y I It'" (in. ) ~m (ksi) s No. 
B-1-1 214.01 31.66 31.37 . 51.24 0 26 
B-1-2 210.10 32.48 31.26 51.24 0 26 
B-1a-1 207.50 32.25 31.22 51.24 25.33 26 
B-1a-2 206.14 31.02 31.28 51.24 24.82 26 
B-1b-1 209.29 30.45 31.20 51.24 67.86 26 
B-1b-2 205.73 30.79 31.22 51.24 65.56 26 
B-1c-1 204.29 31. 73 31.28 51.24 171. 30 26 
B-1c-2 204.46 31.59 31.30 51.24 171.30 26 
B-1d-1 202.81 30.67 31.66 51.24 538.08 26 
B-1d-2 202.96 32.45 31.91 51.24 692.22 26 
B-2-1 279.64 30.65 31.43 51.24 0 35 
B-2-2 281.60 31.42 31.33 51.24 0 35 
B-2a-1 280.09 32.04 30.99 51.24 27.48 35 B-2a-2 275.97 31. 74 31.11 51.24 24.16 35 B-2b-1 282.29 31.22 31.09 51.24 67.86 35 B-2b-2 275.45 30.40 31.07 51.24 63.79 35 B-2c-1 279.41 31. 71 31.28 51.24 139.55 35 B-2c-2 278.12 31.13 31.27 51.24 136.67 35 B-2d-1 280.55 31.21 31.51 51.24 410.92 35 B-2d-2 277.90 30.58 31.54 51.24 399.52 35 B-2e-1 279.11 31.39 31. 73 51.24 1097.44 35 B-2e-2 278.97 31.08 31.66 51.24 1048.56 35 B-3-1 317 .19 30.57 31.35 51.24 0 40 B-3-2 321.04 31.25 31.33 51.24 0 40 B-3a-1 317.21 31.11 31.17 51.24 66.01 40 B-3a-2 319.16 32.02 31.20 51.24 65.56 40 B-3b-1 321.03 31.23 31.29 51.24 133.00 40 B-3b-2 325.77 32.24 31.26 51.24 139.63 40 B-3c-1 320.67 36.42 31.51 51.24 414.97 40 B-3c-2 320.67 31. 31 31.42 51.24 439.52 40 B-3d-l 324.22 31.01 31.50 51.24 1236.77 40 B-3d-2 321.85 30.88 31.50 51.24 1015.95 40 B-4a-l 343.05 57.40 31.99 47.63 123.29 45 B-4a-2 331.80 55.79 31.99 47.63 118.79 45 B-4b-l 332.93 56.35 31.99 41.63 359.70 45 B-4b-2 330.07 55.88 31.99 47.63 346.08 45 B-4c-l 333.47 56.53 31.99 47.63 1013.19 45 B-4c-2 332.83 56.04 31.99 47.63 904.67 45 B-5a-1 357.54 30.57 31.51 51.24 1091.28 45 B-5a-2 357.27 31.06 31.57 51.24 1071.28 45 B-6a-1 200.28 30.22 34.11 43.66 172.79 23 B-6a-2 200.94 31.01 34.28 43.66 162.82 23 
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TABLE 4 (continued) 
Beam F 
Specimen hit wit (w/t)lim y I It" a 
No. (ksi) s (in.) 
B-7a-1 277.34 30.44 34.19 43.66 513.24 32 
B-7a-2 273.92 29.42 34.04 43.66 505.26 32 
B-8a-1 326.30 30.59 34.30 43.66 1270.25 38 
B-8a-2 326.42 31.86 34.32 43.66 1479.81 38 
B-9a-1 321. 70 57.06 30.84 51.24 1298.17 40 
B-9a-2 321.27 58.02 30.84 51.24 1314.60 40 
H-1a-1 326.47 159.28 30.84 51.24 1023.74 40 
H-1a-2 324.16 158.00 30.84 51.24 1036.78 40 
H-2a-1 326.17 314.33 30.84 51.24 1004.63 40 
H-2a-2 328.17 316.64 30.84 51.24 1136.40 40 
Notes: 1. a equals the unsupported length in the middle third of 
the test specimens 
2. I is the moment of inertia of the longitudinal stiffener 
s 
with respect to its centroid 
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TABLE 5 
MECHANICAL PROPERTIES OF STEEL SHEETS 
F F Elongation y w percent* Conments (ksi) (ksi) 
51.24 59.82 15 Sharp Yielding 
47.63 58.96 18 Sharp Yielding 
43.66 54.20 30 Sharp Yielding 
*2-in. gage length 
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TABLE 6 
EXPERIMENTAL DATA FOR BENDING TEST SPECIMENS 
Beam (Pcr);est (P ) f (Py)test (Pu) test (M ) (MU> test Specimen cr test u test Failure 
No. (kips) (kips) (kips) (kips) (in-kips) (Mo) test Mode 
B-1-1 3.00 5.96 77 .48* 1.000 WB 
B-1-2 2.50 6.25 81.25 1.049 WB 
B-1a-1 7.28 94.64 1.221 WB-FY 
B-1a-2 7.17 93.21 1.203 WB-FY 
B-1b-1 8.29 107.71 1.390 FY 
B-1b-2 8.04 104.52 1.349 FY 
B-1c-1 8.50 9.28 120.64 1.557 FY 
B-1c-2 8.65 9.03 117.39 1.515 FY 
B-1d-1 8.59 9.15 118.95 1.535 FY 
B-1d-2 8.85 9.25 120.25 1.552 FY 
B-2-1 2.15 6.43 112.53 1.005 WB 
B-2-2 2.50 6.40 112.00* 1.000 WB 
B-2a-1 5.75 7.65 133.88 1.195 WB 
B-2a-2 6.00 7.89 138.08 1.233 WB 
B-2b-1 6.50 8.43 147.53 1.317 WB 
B-2b-2 7.00 8.51 148.93 1.330 WB 
B-2c-1 8.50 9.02 157.85 1.409 WB-FY 
B-2c-2 8.75 8.92 156.10 1.394 WB-FY 
B-2d-1 8.75 9.74 10.03 175.53 1.567 FY 
B-2d-2 8.50 9.80 10.39 181.83 1.623 FY 
B-2e-1 9.25 10.10 10.39 181.83 1.623 FY 
B-2e-2 9.00 10.00 10.36 181. 30 1.619 FY 
B-3-1 1.50 7.20 129.60* 1.000 WB 
B-3-2 1. 75 7.38 132.84 1.025 WB 
B-3a-1 6.25 9.13 164.34 1.268 WB 
B-3a-2 5.75 8.58 154.44 1.192 WB 
B-3b-1 6.75 9.41 169.38 1.307 WB 
B-3b-2 6.75 9.90 178.20 1.375 WB 
B-3c-1 7.25 10.94 196.92 1.519 WB-FY 
B-3c-2 7.75 11.31 203.58 1.571 WB-FY 
B-3d-1 8.50 11.02 198.36 1.531 WB-FY 
B-3d-2 8.50 11.14 200.52 1.547 WB-FY 
B-4a-1 7.50 7.75 8.74 196.65 WB-FB 
B-4a-2 7.00 7.25 8.09 182.03 WB-FB 
B-4b-1 7.75 8.00 8.75 196.88 WB-FB 
B-4b-2 6.55 7.75 9.02 202.98 WB 
B-4c-1 7.00 8.25 9.90 222.75 WB-FB 
B-4c-2 6.25 7.75 9.74 219.15 WB-FB 
B-5a-1 8.50 14.38 230.08 WB 
B-5a-2 11.25 14.21 227.36 WB 
B-6a-1 5.95 6.30 69.00 FY 
B-6a-2 5.94 6.24 68.31 FY 
B-7a-1 6.75 7.00 7.47 119.52 FY 
*va1ue of (Mo)test 
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TABLE 5 
MECHANICAL PROPERTIES OF STEEL SHEETS 
F F Elongation y w percent* CODlllents (ksi) (ksi) 
51.24 59.82 15 Sharp Yielding 
47.63 58.96 18 Sharp Yielding 
43.66 54.20 30 Sharp Yielding 
*2-in. gage length 
G3 
TABLE 6 
EXPERIMENTAL DATA FOR BENDING TEST SPECIMENS 
Beam (Pcr)~est (P ) f (P y) test (P) test (M) test (M ) Specimen cr test u test Failure 
No. (kips) (kips) (kips) (kips) (in-kips) (Mo) test Mode 
B-1-1 3.00 5.96 77 .48* 1.000 WB 
B-1-2 2.50 6.25 81.25 1.049 WB 
B-1a-1 7.28 94.64 1.221 WB-FY 
B-1a-2 7.17 93.21 1.203 WB-FY 
B-1b-1 8.29 107.71 1.390 FY 
B-1b-2 8.04 104.52 1.349 FY 
B-lc-1 8.50 9.28 120.64 1.557 FY 
B-1c-2 8.65 9.03 117.39 1.515 FY 
B-1d-1 8.59 9.15 118.95 1.535 FY 
B-1d-2 8.85 9.25 120.25 1.552 FY 
B-2-1 2.15 6.43 112.53 1.005 WB 
B-2-2 2.50 6.40 112.00* 1.000 WB 
B-2a-1 5.75 7.65 133.88 1.195 WB 
B-2a-2 6.00 7.89 138.08 1.233 WB 
B-2b-1 6.50 8.43 147.53 1.317 WB 
B-2b-2 7.00 8.51 148.93 1.330 WB 
B-2c-1 8.50 9.02 157.85 1.409 WB-FY 
B-2c-2 8.75 8.92 156.10 1.394 WB-FY 
B-2d-1 8.75 9.74 10.03 175.53 1.567 FY 
B-2d-2 8.50 9.80 10.39 181.83 1.623 FY 
B-2e-1 9.25 10.10 10.39 181.83 1.623 FY 
B-2e-2 9.00 10.00 10.36 181.30 1.619 FY 
B-3-1 1.50 7.20 129.60* 1.000 WB 
B-3-2 1. 75 7.38 132.84 1.025 WB 
B-3a-1 6.25 9.13 164.34 1.268 WB 
B-3a-2 5.75 8.58 154.44 1.192 WB 
B-3b-1 6.75 9.41 169.38 1.307 WB 
B-3b-2 6.75 9.90 178.20 1.375 WB 
B-3c-1 7.25 10.94 196.92 1.519 WB-FY 
B-3c-2 7.75 11.31 203.58 1.571 WB-FY 
B-3d-1 8.50 11.02 198.36 1.531 WB-FY 
B-3d-2 8.50 11.14 200.52 1.547 WB-FY 
B-4a-1 7.50 7.75 8.74 196.65 WB-FB 
B-4a-2 7.00 7.25 8.09 182.03 WB-FB 
B-4b-1 7.75 8.00 8.75 196.88 WB-FB 
B-4b-2 6.55 7.75 9.02 202.98 WB 
B-4c-1 7.00 8.25 9.90 222.75 WB-FB 
B-4c-2 6.25 7.75 9.74 219.15 WB-FB 
B-5a-1 8.50 14.38 230.08 WB 
B-5a-2 11.25 14.21 227.36 WB 
B-6a-1 5.95 6.30 69.00 FY 
B-6a-2 5.94 6.24 68.31 FY 
B-7a-1 6.75 7.00 7.47 119.52 FY 














TABLE 6 (continued) 
(P cr) ~est (P cr) ~est (Py\est (P u> test (MU> test 
(kips) (kips) (kips) (kips) (in-kips) 
6.25 7.00 7.29 116.64 
6.00 7.22 137.18 
5.50 7.15 135.85 
7.75 10.75 12.35 222.30 
8.04 10.25 12.12 218.16 
7.02 1.50 9.60 153.60 
6.50 1.60 9.82 157.12 
6.75 .55 9.80 156.80 
7.50 .50 9.64 154.24 
Failure modes are designated as follows: 
WB : Web buckling 
WB-FY : Web buckling followed by flange yielding 
WB-FB : Web buckling followed by flange buckling 
FY : Flange yielding 
FB-WB : Flange buckling followed by web buckling 
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(MU) test Failure 











COMPARISON OF EXPERIMENTAL AND THEORETICAL DATA FOR BENDING 
TEST SPECIMENS HAVING ADEQUATELY STIFFENED WEBS 
Beam (I It 4 ) (P ) w (P) f (P ) (P cr) :est (P cr) ~est (P Y..) test (p u) test (P u) test Specimen s cr theo cr theo y theo 
(P cr) ~heo (Py)theo (Py)theo No. (I It 4 ) (kips) (kips) (kips) (P cr) :heo (Pcr)~heo 0 
B-1c-1 1.11 9.58 0.887 0.969 
B-1c-2 1.11 9.58 0.903 0.943 
B-1d-1 3.66 9.54 0.900 0.959 
B-1d-2 4.80 9.54 0.928 0.970 
B-2d-1 1.42 8.46 10.86 1.034 0.897 1.186 0.924 
B-2d-2 1.41 8.66 10.92 0.982 0.897 1.200 0.951 
B-2e-1 3.89 8.59 10.92 1.077 0.925 1.210 0.951 
B-2e-2 3.70 8.62 10.95 1.044 0.913 1.202 0.946 
B-3c-1 1.15 7.90 13.21 1.040 1.385 0.828 
B-3c-2 1.21 7.96 13.35 0.974 1.421 0.847 
B-3d-1 3.36 7.67 13.15 1.108 1.437 0.838 
B-3d-2 2.79 7.83 13.24 1.086 1.423 0.841 
B-4c-l 2.63 7.54 8.06 12.11 0.928 1.024 1.313 0.818 
B-4c-2 2.36 7.77 8.44 12.47 0.804 0.918 1.254 0.781 
B-Sa-l 2.55 8.29 17.29 1.026 1.735 0.832 
B-Sa-2 2.51 8.27 17.23 1.360 1. 718 0.825 
B-6a-1 1.48 6.53 0.911 0.965 
B-6a-2 1.40 6.57 0.904 0.950 
B-7a-1 2.10 7.14 7.64 0.945 0.916 1.046 0.978 
B-7a-2 2.10 7.19 7.50 0.869 0.933 1.014 0.972 
B-8a-1 3.93 5.45 8.07 1.101 1.325 0.895 
B-8a-2 4.57 5.41 8.02 1.017 1.316 0.892 ::0 
V1 
Beam (I It 4 ) 
Specimen ? 









TABLE 7 (continued) 
(p ) w (P) f (p ) (Pcr)~est 
cr thea cr thea y thea 
(P cr) ~heo (kips) (kips) (kips) 
9.57 9.46 15.37 0.810 
9.62 9.13 15.32 0.836 
8.01 1.14 12.27 0.876 
8.15 1.16 12.23 0.798 
7.99 0.32 12.17 0.845 
7.93 0.32 12.17 0.946 
0.978 
0.130 










(P u) test 






















REQUIRED MINIMUM MOMENT OF INERTIA 















COMPARISON OF TESTED AND COMPUTED ULTIMATE MOMENT CAPACITIES 
FOR BENDING TEST SPECIMENS BASED ON THE REDUCED MOMENT RESISTANCE METHOD 
Beam S F M =S F M'=AM (Mu) test (M) test Specimen x y y x y A y y (M) * No. (in. 3) (ksi) (in-kips) (in-kips) (in-kips) u comp 
B-2d-1 3.71 51.24 190.10 0.929 176.60 175.53 0.994 
B-2d-2 3.73 51.24 191.13 0.935 178.71 181. 83 1.017 
B-2e-1 3.73 51.24 191.13 0.931 177.94 181. 83 1.022 
B-2e-2 3.74 51.24 191.64 0.932 178.61 181.30 1.015 
B-3c-1 4.64 51.24 237.75 0.853 202.80 196.92 0.971 
B-3c-2 4.69 51.24 240.32 0.866 208.12 203.58 0.978 
B-3d-1 4.62 51.24 236.73 0.862 204.06 198.36 0.972 
B-3d-2 4.65 51.24 238.27 0.866 206.34 200.52 0.972 
B-4c-1 5.72 47.63 272 .44 0.802 218.50 222.75 1.019 
B-4c-2 5.89 47.63 280.54 0.804 225.55 219.15 0.972 
B-5a-1 5.40 51.24 276.70 0.812 224.68 230.08 1.024 
B-5a-2 5.38 51.24 275.67 0.811 223.57 227.36 1.017 
B-7a-1 2.80 43.66 122.25 0.976 119.32 119.52 1.002 
B-7a-2 2.75 43.66 120.07 0.983 118.03 116.64 0.988 
B-8a-1 3.51 43.66 153.25 0.905 138.69 137.18 0.989 
B-8a-2 3.49 43.66 152.37 0.902 137.44 135.85 0.988 
B-9a-1 5.40 51.24 276.70 0.799 221.08 222.30 1.006 
B-9a-2 5.38 51.24 275.67 0.799 220.26 218.16 0.990 
H-1a-1 3.83 51.24 196.25 0.792 155.43 153.60 0.988 
H-1a-2 3.82 51.24 195.74 0.795 155.61 157.12 1.010 
H-2a-1 3.80 51.24 194.71 0.793 154.41 156.80 1.015 
H-2a-2 3.80 51.24 194.71 0.789 153.63 154.24 1.004 
Mean 0.998 ex> ex> 
Standard Deviation 0.018 
*The va1ue of (M ) equa1s M' 
u camp y 
TABLE 10 
COMPARISON OF TESTED AND COMPUTED ULTIMATE MOMENT CAPACITIES 
FOR BENDING TEST SPECIMENS BASED ON THE POSTBUCKLING STRENGTH METHOD 
Beam £ S' H =S'£ (M) = M F S M =S F (Mu) test (Mu) test Specimen cr x cr x cr u cr cr y x y x Y (Mu) camp * No. (ksi) (in. ) (in-kips) (in-kips) (ksi) (in. ) (in-kips) (in-kips) 
B-2d-1 38.89 3.71 147.99 168.41 51.24 3.71 190.10 175.53 1.042 
B-2d-2 40.65 3.73 151.62 170.42 51.24 3.73 191.13 181.83 1.067 
B-2e-1 40.30 3.73 150.32 169.56 51.24 3.73 191.13 181.83 1.072 
B-2e-2 40.34 3.74 150.87 170.33 51.24 3.74 191.64 181.30 1.064 
B-3c-1 30.53 4.66 142.27 194.63 51.24 4.64 237.75 196.92 1.012 
B-3c-2 30.53 4.69 143.19 200.75 51.24 4.69 240.32 203.58 1.014 
B-3d-1 29.87 4.62 138.00 197.20 51.24 4.62 236.73 198.36 1.006 
B-3d-2 30.31 4.65 140.94 199.29 51.24 4.65 238.27 200.52 1.006 
B-4c-1 28.23 6.01 169.66 209.87 47.63 5.72 272 .44 222.75 1.061 
B-4c-2 28.34 6.17 174.86 216.30 47.63 5.89 280.54 219.15 1.013 
B-5a-1 24.56 5.40 132.62 219.35 51.24 5.40 276.70 230.08 1.049 
B-5a-2 24.60 5.38 132.35 218.11 51.24 5.38 275.67 227.36 1.042 
B-7a-1 40.82 2.80 114.30 114.99 43.66 2.80 122.25 119.52 1.039 
B-7a-2 41.84 2.75 115.06 113.79 43.66 2.75 120.07 116.64 1.025 
B-8a-1 29.49 3.51 103.51 134.36 43.66 3.51 153.25 137.18 1.021 
B-8a-2 29.47 3.49 102.85 132.78 43.66 3.49 152.37 135.85 1.023 
B-9a-1 30.34 5.68 172.33 210.41 51.24 5.40 276.70 222.30 1.057 
B-9a-2 30.42 5.69 173.09 209.61 51.24 5.38 275.67 218.16 1.041 
H-1a-1 32.37 3.96 128.19 155.62 51.24 3.83 196.25 153.60 0.987 
H-1a-2 32.83 3.97 130.34 156.54 51.24 3.82 195.74 157.12 1.004 
H-2a-1 32.43 3.94 127.77 154.86 51.24 3.80 194.71 156.80 1.013 
H-2a-2 32.04 3.96 126.88 155.30 51.24 3.80 194.71 154.24 0.993 
Mean 1.030 (Xl 1.0 
Standard Deviation 0.024 
*The value of (M ) is determined by (M) or M whichever is smaller. 
u camp u cr y 
The values of Sand S' were computed on the basis of F and f , respectively. 
x x y cr 
TABLE 11 
CROSS-SECTION DIMENSIONS OF SHEAR TEST SPECIMENS 
Beam Cross-Section Dimensions (in.) 
Specimen 
No. Thick. Bl B2 B3 B4 d1 d2 Dl D2 R BB TFPL BFPL TPL 
SH-l-l 0.0416 1.585 1.594 1.610 1.612 0.685 0.689 8.587 8.550 0.0938 7 4.004 3.996 0.0415 
SH-I-2 0.0414 1.598 1.594 1.617 1.610 0.664 0.647 8.541 8.543 0.0938 7 3.998 3.994 0.0415 
SH-I-3 0.0416 1.565 1.582 1.612 1.625 0.670 0.648 8.620 8.584 0.0938 7 4.000 3.990 0.0414 
SH-I-4 0.0415 1.590 1.610 1.640 1.609 0.666 0.647 8.595 8.545 0.0938 7 3.996 3.992 0.0414 
SH-1-5 0.0416 1.604 1.620 1.625 1.593 0.660 0.668 8.562 8.570 0.0938 7 2.020 2.004 0.0416 
SH-1-6 0.0415 1.570 1.592 1.614 1.607 0.687 0.678 8.566 8.557 0.0938 7 1.962 2.026 0.0415 
SH-1-7 0.0415 1.593 1.572 1.600 1.593 0.689 0.690 8.547 8.555 0.0938 7 4.020 4.016 0.0830 
SH-1-8 0.0415 1.580 1.599 1.623 1.600 0.663 0.670 8.556 8.588 0.0938 7 3.996 3.990 0.0830 
SH-2-1 0.0414 1.557 1.555 1.520 1.548 0.615 0.629 11.656 11.644 0.0938 7 4.020 4.018 0.0415 
SH-2-2 0.0412 1.559 1.552 1.555 1.549 0.647 0.644 11.600 11.594 0.0938 7 3.998 3.994 0.0415 
SH-2-3 0.0414 1.550 1.558 1.555 1.561 0.670 0.693 11.644 11.625 0.0938 7 4.024 4.014 0.0830 
SH-2-4 0.0412 1.541 1.542 1.538 1.514 0.634 0.651 11.642 11.626 0.0938 7 4.020 3.996 0.0830 
SH-2-5 0.0412 1.550 1.555 1.534 1.548 0.657 0.677 11. 719 11.625 0.0938 7 1.970 1.976 0.0415 
SH-2-6 0.0414 1.550 1.557 1.544 1.546 0.681 0.698 11.625 11.625 0.0938 7 1.984 1.978 0.0415 
SH-3-1 0.0411 1.545 1.530 1.542 1.546 0.629 0.680 13.344 13.363 0.0938 7 3.996 3.990 0.0415 
SH-3-2 0.0412 1.535 1.548 1.541 1.534 0.636 0.664 13.375 13.375 0.0938 7 4.022 4.020 0.0415 
SH-3-3 0.0409 1.560 1.563 1.577 1.585 0.652 0.683 13.381 13.378 0.0938 7 3.994 4.024 0.0830 
SH-3-4 0.0403 1.560 1.570 1.590 1.595 0.640 0.668 13.375 13.375 0.0938 7 3.996 3.992 0.0830 
SH-3-5 0.0415 1.525 1.545 1.550 1.570 0.637 0.668 13.388 13.381 0.0938 7 1.990 1.994 0.0415 
SH-3-6 0.0411 1.545 1.538 1.582 1.548 0.641 0.685 13.406 13.375 0.0938 7 1.980 1.992 0.0415 
SH-4-1 0.0378 1.405 1.338 1.391 1.395 0.626 0.538 7.563 7.469 0.0781 7 3.499 3.535 0.0378 
SH-4-2 0.0377 1.381 1.355 1.405 1.379 0.620 0.575 7.563 7.469 0.0781 7 3.500 3.534 0.0378 
SH-5-1 0.0421 1. 701 1.686 1.562 1.563 0.562 0.649 8.492 8.509 0.0938 7 4.007 3.952 0.0415 
SH-5-2 0.0420 1.542 1.536 1.550 1.545 0.693 0.649 8.493 8.541 0.0938 7 4.004 3.954 0.0415 1..0 
0 
TABLE 11 (continued) 
Beam Cross-Section Dimensions (in.) 
Specimen 
No. Thick. B1 B2 B3 B4 d1 d2 D1 D2 R BB TFPL BFPL TPL 
SH-5-3 0.0420 1.659 1.548 1.567 1.575 0.629 0.653 8.281 8.375 0.0938 7 4.000 3.958 0.0415 
SH-5-4 0.0419 1.515 1.546 1.555 1.568 0.661 0.668 8.484 8.605 0.0938 7 4.004 3.954 0.0415 
SH-6-1 0.0415 2.588 2.622 2.612 2.580 0.683 0.688 13.263 13.281 0.0938 7 4.004 3.954 0.0415 
SH-6-2 0.0409 2.606 2.621 2.591 2.597 0.676 0.708 13.263 13.256 0.0938 7 4.007 3.952 0.0415 
SH-7-1 0.0380 1.363 1.327 1.374 1.377 0.576 0.554 10.363 10.375 0.0781 7 3.160 3.199 0.0502 
SH-7-2 0.0380 1.375 1.381 1.361 1.385 0.561 0.550 10.469 10.375 0.0781 7 3.160 3.199 0.0502 
SH-8-1 0.0378 1.374 1.357 1.379 1.377 0.634 0.555 7.619 7.615 0.0781 7 2.932 2.810 0.0498 
SH-8-2 0.0378 1. 379 1.397 1.374 1.405 0.578 0.552 7.661 7.752 0.0781 7 2.932 2.810 0.0498 
Notes: 1. See Fig. 34 for the symbols used for dimensions 
2. Beam Specimens are designated as follows: 
SH 2 1 









































DI~mNSIONS AND LOCATIONS OF LONGITUDINAL STIFFENERS 
FOR SHEAR TEST SPECIMENS 
Dimensions (in.) Location 
a1 a2 a3 a4 HI 
0.523 0.527 0.522 0.528 1.734 
0.525 0.526 0.522 0.528 1.750 
0.528 0.527 0.525 0.548 1.734 
0.505 0.540 0.540 0.532 1. 719 
0.509 0.541 0.525 0.525 1.734 
0.546 0.511 0.538 0.525 1. 719 
0.534 0.518 0.542 0.510 1.734 
0.531 0.532 0.527 0.530 1. 703 
0.750 0.748 0.751 0.751 2.359 
0.745 0.748 0.753 0.754 2.375 
0.781 0.719 0.766 0.734 2.391 
0.750 0.766 0.758 0.726 2.375 
0.781 0.719 0.750 0.750 2.391 
0.797 0.719 0.758 0.726 2.391 
1.047 1.031 0.984 0.938 2.703 
1.063 0.977 0.984 0.976 2.703 
1.023 1.000 1.031 0.946 2.703 
1.002 1.031 0.997 0.970 2.734 
1.008 1.047 0.991 0.954 2.703 
1.016 1.023 0.953 1.008 2.719 
0.469 0.516 0.547 0.500 1.391 
0.508 0.516 0.513 0.492 1.500 
0.859 0.844 0.867 0.883 1. 719 
0.891 0.906 0.898 0.891 1.734 
0.859 0.844 0.875 0.883 1.688 
0.859 0.844 0.828 0.867 1. 781 
0.969 0.984 1.063 1.031 2.672 
1.047 1.016 1.063 1.047 2.641 
0.766 0.758 0.773 0.769 2.141 
0.766 0.773 0.813 0.781 2.141 
0.469 0.516 0.547 0.531 1.359 
0.531 0.484 0.516 0.508 1.516 




































PERTINENT PARAMETERS OF SHEAR TEST SPECIMENS 
Beam 
* 
Span F Specimen hit wit (wit) 1 . alh I It'+ Length y 
No. ~m s (in .) (ksi) 
SH-1-1 203.99 31.70 31.21 1.002 150.74 20.00 51.24 
SH-1-2 204.33 32.02 31.25 1.005 152.84 20.00 51.24 
SH-1-3 204.78 31.31 31.25 1.482 156.00 28.25 51.24 
SH-1-4 204.51 32.03 31.25 1.488 151.04 28.25 51.24 
SH-1-5 203.91 32.24 31. 30 0.737 150.74 15.50 51.24 
SH-1-6 204.31 31.58 31.30 0.737 155.56 15.50 51.24 
SH-1-7 204.05 31.61 31.17 1.978 152.54 36.50 51.24 
SH-1-8 204.55 31. 78 31.15 1.973 155.56 36.50 51.24 
SH-2-1 279.40 31.05 31.36 1.005 405.17 26.25 51.24 
SH-2-2 279.48 31.20 31.35 1.007 410.92 26.25 51.24 
SH-2-3 279.04 31.00 31.22 1.515 405.17 38.00 51.24 
SH-2-4 280.38 30.86 31.26 1.515 410.92 38.00 51.24 
SH-2-S 281. 30 31.13 31.38 0.518 410.92 15.00 51.24 
SH-2-6 278.80 30.99 31.38 0.520 405.17 lS.00 51.24 
SH-3-1 322.91 30.84 31.36 1.008 1000.14 29.75 51.24 
SH-3-2 322.64 30.86 31.40 1.006 996.99 29.75 51.24 
SH-3-3 325.14 31.59 31.27 1.504 1018.68 43.00 51.24 
SH-3-4 329.89 32.18 31.24 1.504 1064.00 43.00 51.24 
SH-3-S 320.S3 30.47 31.40 0.7S2 975.91 23.00 51.24 
SH-3-6 323.81 30.94 31.39 0.751 1004.14 23.00 51.24 
SH-4-1 196.84 30.15 34.08 2.957 169.72 30.00 43.66 
SH-4-2 175.36 30.14 33.97 2.957 170.14 30.00 43.66 
SH-5-1 199.92 33.88 31.52 1.010 587.03 20.00 51.24 
SH-5-2 200.79 30.17 31.58 1.008 666.27 20.00 S1.24 
SH-5-3 196.29 31. 71 31.52 1.031 595.36 25.50 51.24 
SH-S-4 201.94 30.05 31.42 1.005 568.22 25.50 51.24 
SH-6-1 317.81 56.25 30.84 1.014 1014.63 29.75 51.24 
SH-6-2 322.21 57.31 30.84 1.015 1169.62 29.75 51.24 
SH-7-1 270.87 29.28 33.97 1.020 532.04 24.00 43.66 
SH-7-2 272.26 30.15 34.03 1.015 566.53 24.00 43.66 1.0 
SH-8-1 199.51 29.99 34.08 0.995 176.83 18.00 43.66 w 
SH-8-2 201.89 30.S9 33.86 0.983 171. 48 18.00 43.66 
*18 is the moment of inertia of the longitudinal stiffener with respect to its centroid 
TABLE 14 
EXPERIMENTAL DATA FOR SHEAR TEST SPECIMENS 
Beam (I It 4 ) (P )test (Pcr)test (M')test (Tcr)test 
fail Tfail fail T T 
Specimen s exact ave exact (I It 4 ) (kips) (kips) (in-kips) (ksi) (ksi) (ksi) fail No. 0 T 
ave 
SH-l-l(A) * 0.976 23.52 9.50 99.96 6.75 19.00 16.66 1.140 
SH-1-2(A) 0.989 24.16 9.75 102.68 6.96 19.72 17 .25 1.143 
SH-1-3(A) 1.003 19.32 9.75 121. 96 6.88 15.58 13.63 1.143 
SH-1-4 (A) 0.975 18.53 9.25 116.97 6.57 15.46 13.15 1.176 
SH-1-5(A) 0.983 28.22 16.45 88.19 11.65 23.46 19.99 1.174 
SH-1-6(A) 1.010 27.95 14.50 87.34 10.30 23.00 19.86 1.158 
SH-1-7 (A) 0.983 16.54 8.52 138.52 6.06 13.12 11.77 1.115 
SH-1-8(A) 0.995 16.08 7.28 134.67 7.17 12.71 11.41 1.114 
SH-2-1(A) 1.400 23.28 7.50 135.32 3.92 14.30 12.15 1.177 
SH-2-2(A) 1.418 24.48 8.98 142.29 4.73 15.16 12.90 1.175 
SH-2-3(A) 1.392 18.48 9.25 161.70 4.84 10.98 9.66 1.137 
SH-2-4 (A) 1.403 18.93 6.50 165.64 3.41 11.32 9.94 1.139 
SH-2-5(A) 1.405 36.75 21. 75 110.25 11.39 23.28 19.24 1.210 
SH-2-6(A) 1.407 36.70 24.75 110.10 12.95 23.22 19.20 1.209 
SH-2-1(A) 2.715 25.12 6.75 167.99 3.09 13.67 11.51 1.188 
SH-3-2(A) 2.716 25.32 6.50 169.33 2.97 13.74 11.56 1.189 
SH-3-3(A) 2.723 21.48 6.50 214.80 2.99 11.44 9.87 1.159 
SH-3-4(A) 2.776 21.17 5.75 211.70 2.68 11.32 9.88 1.146 
SH-3-5(A) 2.687 29.59 9.25 147.90 4.19 16.37 13.40 1.222 
SH-3-6(A) 2.718 31.05 10.50 155.25 4.80 17.32 14.19 1.221 
SH-4-1(B) 1.526 17.49 11.75 46.64 6.96 11.89 10.36 1.148 
SH-4-2(B) 1.505 18.01 13.45 48.03 7.99 12.24 10.70 1.144 
SH-5-1(A) 4.092 23.86 12.15 101.41 8.57 19.39 16.83 1.152 
SH-5-2(A) 4.616 24.74 12.50 105.15 8.82 20.09 17.46 1.151 
SH-5-3(C) 4.350 23.68 9.75 100.64 7.04 19.61 17.10 1.147 
SH-5-4(C) 3.833 21.68 11.10 92.14 7.83 17.52 15.29 1.146 
SH-6-1(A) 2.687 25.98 6.75 173.74 3.08 13.80 11.87 1.163 
SH-6-2(A) 3.026 24.34 6.75 162.77 3.13 13.11 11.29 1.161 
SH-7-1(A) 2.252 19.61 6.25 102.95 3.99 14.60 12.53 1.165 
SH-7-2(A) 2.382 19.46 6.50 102.17 4.13 14.45 12.37 1.168 \0 ~ 
SH-8-1(A) 1.528 17.05 6.75 63.94 5.92 17.16 14.95 1.148 
SH-8-2(A) 1.407 16.96 9.05 63.64 7.84 16.75 14.70 1.139 
*Denotes test setup which was used 
95 
TABLE 15 
COMPUTED MOMENT CAPACITIES OF SHEAR TEST SPECIMENS 
Beam S F Specimen M =S F (M ) =AM x y y x y u comp y 
No. (in. 3) (ksi) (in-kips) (in-kips) 
SH-1-1 3.85 51.24 197.27 1.000 197.27 
SH-1-2 3.80 51.24 194.71 1.000 194.71 
SH-1-3 3.84 51.24 196.76 1.000 196.76 
SH-1-4 3.82 51.24 195.74 1.000 195.74 
SH-1-5 3.14 51.24 160.89 1.000 160.89 
SH-1-6 3.13 51.24 160.38 1.000 160.38 
SH-1-7 5.20 51.24 266.45 1.000 266.45 
SH-1-8 5.20 51.24 266.45 1.000 266.45 
SH-2-1 5.64 51.24 288.89 0.931 268.96 
SH-2-2 5.61 51.24 287.46 0.930 267.34 
SH-2-3 7.59 51.24 388.91 0.931 362.08 
SH-2-4 7.50 51.24 384.30 0.929 357.01 
SH-2-5 4.70 51.24 240.83 0.927 223.25 
SH-2-6 4.72 51.24 241.85 0.932 225.40 
SH-3-1 6.80 51.24 348.43 0.864 301.04 
SH-3-2 6.82 51.24 349.56 0.865 302.28 
SH-3-3 9.02 51.24 462.18 0.858 396.55 
SH-3-4 8.92 51.24 457.06 0.849 388.04 
SH-3-5 5.77 51.24 295.65 0.869 256.92 
SH-3-6 5.75 51.24 294.63 0.862 253.97 
SH-4-1 2.66 43.66 116.14 1.000 116.14 
SH-4-2 2.67 43.66 116.57 1.000 116.57 
SH-5-1 3.78 51.24 193.69 1.000 193.69 
SH-5-2 3.77 51.24 193.17 1.000 193.17 
SH-5-3 3.68 51.24 188.56 1.000 188.56 
SH-5-4 3.79 51.24 194.20 1.000 194.20 
SH-6-1 7.77 51.24 398.13 0.802 319.30 
SH-6-2 7.69 51.24 394.04 0.793 312.47 
SH-7-1 4.34 43.66 189.48 0.988 187.21 
SH-7-2 4.37 43.66 190.79 0.983 187.55 
SH-8-1 2.78 43.66 121. 37 1.000 121.37 
SH-8-2 2.83 43.66 123.56 1.000 123.56 
TABLE 16 
CaMP ARISON OF EXPERIMENTAL AND THEORETICAL DATA FOR 
SHEAR TEST SPECIMENS 
Beam Theoretical Data (Tcr)test 
fail fail fail fail 
(Mu)comp T T T T Specimen T T T ave exact ave ave y cr u 
No. (ksi) (ksi) (ksi) (in-kips) T T T T T cr cr y y u 
SH-1-1 29.58 7.88 15.66 197.27 0.857 2.114 0.642 0.563 1.064 
SH-1-2 29.58 7.86 15.63 194.71 0.851 2.195 0.667 0.583 1.104 
SH-1-3 29.58 6.45 12.57 196.76 1.067 2.113 0.527 0.461 1.084 
SH-1-4 29.58 6.42 12.53 195.74 1.023 2.048 0.523 0.445 1.049 
SH-1-5 29.58 10.30 18.74 160.89 1.131 1.941 0.793 0.676 1.067 
SH-1-6 29.58 10.24 18.70 160.38 1.006 1.939 0.778 0.671 1.062 
SH-1-7 29.58 6.01 10.88 266.45 1.008 1.958 0.444 0.398 1.082 
SH-1-8 29.58 5.94 10.83 266.45 0.870 1.921 0.430 0.386 1.054 
SH-2-1 29.58 4.20 13.27 268.96 0.933 2.893 0.483 0.411 0.916 
SH-2-2 29.58 3.66 12.90 267.34 1.292 3.526 0.513 0.436 1.000 
SH-2-3 29.58 3.48 10.27 362.08 1.391 2.776 0.371 0.327 0.941 
SH-2-4 29.58 3.43 10.23 357.01 0.994 2.898 0.383 0.336 0.972 
SH-2-5 29.58 8.83 19.76 223.25 1.290 2.179 0.787 0.650 0.974 
SH-2-6 29.58 8.94 19.79 225.40 1.449 2.148 0.785 0.649 0.970 
SH-3-1 29.58 3.13 12.57 301.04 0.987 3.677 0.462 0.389 0.916 
SH-3-2 29.58 3.14 12.59 302.28 0.946 3.682 0.465 0.391 0.918 
SH-3-3 29.58 2.56 9.63 396.55 1.168 3.855 0.387 0.334 1.025 
SH-3-4 29.58 2.49 9.58 388.04 1.076 3.968 0.383 0.334 1.031 
SH-3-5 29.58 4.08 15.11 256.92 1.027 3.284 0.553 0.453 0.887 
SH-3-6 29.58 3.99 15.06 253.97 1.237 3.556 0.586 0.480 0.942 
SH-4-1 25.21 5.81 8.57 116.14 1.198 1. 738 0.472 0.411 1.209 
SH-4-2 25.21 5.96 8.70 116.57 1.341 1. 795 0.486 0.424 1.230 
SH-5-1 29.58 8.18 15.81 193.69 1.048 2.057 0.656 0.569 1.065 
SH-5-2 29.58 8.13 15.78 193.17 1.085 2.148 0.679 0.590 1.106 -0 0\ 
Beam Theoretical Data 
Specimen T T T y cr u 
No. (ksi) (ksi) (ksi) 
SH-S-3 29.58 8.43 15.85 
SH-S-4 29.58 8.09 IS.77 
SH-6-1 29.S8 3.22 12.59 
SH-6-2 29.58 3.13 12.52 
SH-7-1 25.21 4.47 11.80 
SH-7-2 25.21 4.41 11. 79 
SH-8-1 25.21 8.01 14.20 
SH-8-2 2S.21 8.17 14.35 
Mean 
Standard Deviation 
TABLE 16 (continued) 
(-r cr\est T
fail 
(M) comp ave 
(in-kips) T T cr cr 
188.56 0.835 2.028 
194.20 0.968 1.890 
319.30 0.957 3.686 
312.47 1.000 3.607 
187.21 0.893 2.803 
187.55 0.937 2.805 
121. 37 0.739 1.866 


































DIMENSIONS OF WEB CRIPPLING TEST SPECIMENS 
Beam Dimensions (in.) Span 
Specimen Length 
No. Thick. B1 B2 B3 B4 d1 d2 D1 D2 R BB (in. ) 
WC-1-1 0.0411 1.593 1.548 1.562 1.557 0.666 0.698 8.608 8.665 0.0938 7 17 .13 
WC-1-2 0.0408 1.550 1.582 1.600 1.625 0.703 0.671 8.670 8.591 0.0938 7 17.13 
WC-1a-1 0.0418 1.594 1.587 1.539 1.550 0.691 0.681 8.669 8.671 0.0938 7 17.13 
WC-1a-2 0.0415 1.548 1.580 1.541 1.547 0.658 0.669 8.731 8.642 0.0938 7 17.13 
WC-1b-1 0.0417 1.561 1.563 1.562 1.573 0.685 0.709 8.617 8.670 0.0938 7 17.13 
WC-1b-2 0.0419 1.576 1.594 1.546 1.544 0.663 0.730 8.652 8.643 0.0938 7 17.13 
WC-1c-1 0.0419 1.560 1.575 1.608 1.623 0.666 0.650 8.633 8.559 0.0938 7 17.13 
WC-1c-2 0.0418 1.610 1.605 1.606 1.625 0.670 0.656 8.586 8.539 0.0938 7 17 .13 
WC-1d-1 0.0418 1.525 1.535 1.557 1.587 0.690 0.670 8.490 8.476 0.0938 7 8.50 
WC-1d-2 0.0415 1.540 1.519 1.576 1.553 0.682 0.679 8.495 8.480 0.0938 7 8.50 
WC-1d-3 0.0419 1.537 1.539 1.583 1.587 0.684 0.616 8.616 8.520 0.0938 7 8.50 
WC-1d-4 0.0417 1.559 1.549 1.620 1.622 0.666 0.644 8.518 8.540 0.0938 7 8.50 
WC-2-1 0.0415 1.608 1.690 1.586 1.612 0.658 0.682 11. 656 11.688 0.0938 7 11.75 
WC-2-2 0.0416 1.587 1.561 1.577 1.565 0.666 0.659 11.688 11.700 0.0938 7 11. 75 
WC-2a-1 0.0414 1.586 1.577 1.571 1.579 0.683 0.669 11.619 11.625 0.0938 7 11.75 
WC-2a-2 0.0415 1.583 1.585 1.575 1.555 0.665 0.663 11.613 11.631 0.0938 7 11. 75 
WC-2a-3 0.0416 1.594 1.592 1.585 1.579 0.673 0.654 11.625 11.625 0.0938 7 11. 75 
WC-2a-4 0.0409 1.546 1.590 1.595 1.555 0.653 0.668 11.638 11.625 0.0938 7 11. 75 
WC-2a-5 0.0416 1.551 1.561 1.579 1.585 0.663 0.671 11.625 11.631 0.0938 7 11. 75 
WC-2a-6 0.0415 1.566 1.572 1.563 1.549 0.684 0.674 11.638 11.644 0.0938 7 11.75 
WC-2b-1 0.0417 1.538 1.582 1.545 1.517 0.680 0.667 11.563 11. 575 0.0938 7 11.75 
WC-2b-2 0.0413 1.553 1.537 1.546 1.564 0.642 0.649 11.656 11.625 0.0938 7 11.75 
WC-3-1 0.0415 1.609 1.565 1.581 1.621 0.674 0.663 13.438 13.425 0.0938 7 6.75 
WC-3-2 0.0417 1.559 1.549 1.624 1.604 0.672 0.628 13.438 13.438 0.0938 7 6.75 
WC-3a-l 0.0413 1.580 1.582 1.559 1.528 0.675 0.637 13.475 13.469 0.0938 7 6.75 '.0 00 
TABLE 17 (continued) 
Beam Dimensions (in.) Span 
Specimen Length 
No. Thick. B1 B2 B3 B4 d1 d2 D1 D2 R BB (in. ) 
WC-3a-2 0.0413 1.582 1.574 1.530 1.512 0.701 0.683 13.469 13.475 0.0938 7 6.75 
WC-3b-1 0.0412 1.574 1.565 1.606 1.608 0.685 0.655 13.438 13.438 0.0938 7 26.75 
WC-3b-2 0.0412 1.559 1.571 1.610 1.604 0.685 0.654 13.469 13.438 0.0938 7 26.75 
WC-3b-3 0.0412 1.582 1.602 1.626 1.614 0.684 0.645 13.469 13.463 0.0938 7 13.38 
WC-3b-4 0.0412 1.592 1.596 1.665 1.693 0.669 0.681 13.438 13.438 0.0938 7 13.38 
WC-3b-5 0.0416 1.538 1.578 1.567 1.549 0.682 0.667 13.506 13.531 0.0938 7 13.38 
WC-3b-6 0.0411 1.527 1.529 1.519 1.549 0.658 0.653 13.563 13.500 0.0938 7 13.38 
WC-3b-7 0.0412 1.575 1.586 1.624 1.582 0.673 0.657 13.438 13.438 0.0938 7 13.38 
WC-3b-8 0.0414 1.569 1.573 1.531 1.583 0.656 0.655 13.469 13.425 0.0938 7 13 .38 
WC-3c-l 0.0414 2.632 2.620 2.624 2.634 0.666 0.700 13.375 13.375 0.0938 7 6.75 
WC-3c-2 0.0413 2.580 2.588 2.618 2.635 0.698 0.684 13.281 13.325 0.0938 7 6.75 
WC-3c-3 0.0410 1.570 1.602 1.604 1.624 0.634 0.700 13.344 13.356 0.0938 7 13.38 
WC-3c-4 0.0412 2.587 2.599 2.611 2.627 0.642 0.675 13.325 13.375 0.0938 7 13.38 
WC-4a-l 0.0378 1.376 1.412 1.414 1.420 0.549 0.569 12.150 12.175 0.0781 7 12.25 
WC-4a-2 0.0378 1.429 1.387 1.412 1.394 0.548 0.503 12.313 12.256 0.0781 7 12.25 
WC-5a-1 0.0379 1.378 1.390 1.387 1. 391 0.564 0.547 10.375 10.406 0.0781 7 10.5 
WC-5a-2 0.0379 1.370 1.411 1.386 1.396 0.587 0.541 10.469 10.394 0.0781 7 10.5 
WC-6a-1 0.0377 1. 361 1.409 1.380 1.384 0.607 0.565 7.438 7.538 0.0781 7 7.5 
WC-6a-2 0.0378 1.394 1.392 1.402 1.372 0.581 0.595 7.525 7.456 0.0781 7 7.5 
Notes: 1. See Fig. 10 for the symbols used for dimensions 
2. Beam specimens are designated as follows: 
'" 
'" WC 3a 1 




DIMENSIONS AND LOCATIONS OF LONGITUDINAL STIFFENERS 
FOR WEB CRIPPLING TEST SPECIMENS 
Beam Dimensions (in. ) Location (in. ) 
Specimen 
No. a1 a2 a3 a4 HI H2 
WC-1-1 
WC-1-2 
WC-1a-l 0.219 0.250 0.281 0.250 1. 750 1. 719 
WC-la-2 0.234 0.250 0.266 0.250 1. 750 1.734 
WC-1b-1 0.375 0.422 0.375 0.328 1.734 1. 766 
WB-lb-2 0.359 0.344 0.391 0.406 1. 766 1. 766 
WC-1c-l 0.484 0.516 0.500 0.500 1. 750 1. 703 
WC-lc-2 0.438 0.484 0.563 0.516 1. 703 1.734 
WC-1d-l 0.867 0.875 0.883 0.878 1.734 1. 758 
WC-ld-2 0.891 0.883 0.869 0.859 1.750 1.734 
WC-1d-3 0.891 0.898 0.883 0.875 1. 766 1. 781 
WC-1d-4 0.906 0.891 0.844 0.859 1. 781 1. 797 
WC-2-1 
WC-2-2 
WC-2a-1 0.516 0.547 0.508 0.500 2.344 2.344 
WC-2a-2 0.516 0.563 0.484 0.500 2.359 2.375 
WC-2a-3 0.516 0.523 0.508 0.513 2.344 2.313 
WC-2a-4 0.500 0.531 0.531 0.516 2.328 2.344 
WC-2a-5 0.508 0.531 0.563 0.516 2.328 2.313 
WC-2a-6 0.531 0.547 0.508 0.516 2.344 2.359 
WC-2b-1 1.031 0.984 1.016 1.047 2.344 2.359 
WC-2b-2 0.906 1.109 1.031 1.016 2.344 2.352 
WC-3-1 
WC-3-2 
WC-3a-1 0.516 0.531 0.523 0.513 2.734 2.742 
WC-3a-2 0.516 0.508 0.531 0.513 2.766 2.734 WC-3b-1 0.781 0.813 0.766 0.758 2.766 2.758 WC-3b-2 0.781 0.766 0.773 0.758 2.742 2.766 WC-3b-3 0.781 0.797 0.766 0.773 2.766 2.750 WC-3b-4 0.781 0.828 0.766 0.758 2.734 2.750 WC-3b-S 0.797 0.813 0.766 0.773 2.766 2.781 WC-3b-6 0.797 0.781 0.766 0.813 2.781 2.688 WC-3b-7 0.781 0.828 0.758 0.766 2.719 2.734 WC-3b-8 0.797 0.734 0.788 0.813 2.734 2.672 WC-3c-l 1.047 1.031 1.016 1.055 2.734 2.719 WC-3c-2 1.078 1.109 1.031 0.969 2.734 2.750 WC-3c-3 1.016 1.031 1.078 1.047 2.688 2.656 WC-3c-4 0.992 1.016 1.023 1.031 2.672 2.703 WC-4a-l 1.063 1.031 1.016 1.047 2.469 2.500 WC-4a-2 1.031 1.016 1.008 0.969 2.516 2.500 WC-Sa-l 0.758 0.727 0.813 0.766 2.063 2.141 WC-5a-2 0.813 0.820 0.758 0.766 2.125 2.102 WC-6a-l 0.547 0.531 0.492 0.500 1.438 1.484 WC-6a-2 0.578 0.531 0.508 0.492 1.547 1.453 
Note: See Fig. 10 for the definition of symbols 
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TABLE 19 
PERTINENT PARAMETERS OF WEB CRIPPLING TEST 
SPECIMENS 
Beam N F 'I Specimen y I It Rlt Nit a/h hit I II 
No. (in. ) (ksi) s s 0 
WC-1-1 4 51.24 2.28 97.32 3.449 208.13 
WC-1-2 4 51. 24 2.30 98.04 3.451 209.53 
WC-1a-1 4 51.24 24.32 2.24 95.69 3.435 205.45 0.156 
WC-1a-2 4 51.24 24.82 2.26 96.39 3.429 207.33 0.155 
WC-1b-1 4 51.24 64.67 2.25 95.92 3.446 205.28 0.413 
WC-1b-2 4 51.24 63.79 2.24 95.47 3.445 204.39 0.412 
WC-1c-1 4 51.24 130.29 2.24 95.47 3.466 203.15 0.859 
WC-1c-2 4 51.24 131.18 2.24 95.69 3.479 202.85 0.873 
WC-1d-1 2 51.24 627.72 2.24 47.85 0.998 200.93 4.366 
WC-1d-2 2 51.24 641.10 2.26 48.19 1.011 203.61 4.366 
WC-1d-3 4 51.24 647.93 2.24 95.47 1.002 202.48 4.453 
WC-1d-4 4 51.24 629.91 2.25 95.92 1.006 202.54 4.271 
WC-2-1 4 51.24 2.26 96.39 1.014 279.25 
WC-2-2 4 51.24 2.25 96.15 1.012 279.11 
WC-2a-1 4 51.24 147.64 2.27 96.62 1.018 278.72 0.512 
WC-2a-2 4 51.24 145.17 2.26 96.39 1.018 278.05 0.505 
WC-2a-3 2 51.24 143.46 2.25 48.08 1.018 277.45 0.502 
WC-2a-4 2 51.24 154.41 2.29 48.90 1.017 282.40 0.521 
WC-2a-5 6 51.24 154.49 2.25 144.23 1.018 277 .52 0.537 
WC-2a-6 6 51.24 152.54 2.26 144.58 1.017 278.51 0.530 
WC-2b-1 4 51.24 1026.48 2.25 95.92 1.023 275.44 3.714 
WC-2b-2 4 51.24 1042.55 2.27 96 . 85 1.017 279.85 3.644 
WC-3-1 4 51.24 2.26 96.39 0.506 321. 66 
WC-3-2 4 51.24 2.25 95.92 0.505 320.26 
WC-3a-1 4 51.24 150.90 2.27 96.85 0.504 324.19 0.408 
WC-3a-2 4 51.24 147.93 2.27 96.85 0.504 324.19 0.400 
WC-3b-1 4 51.24 461.01 2.28 97.09 2.003 324.17 1.246 
WC-3b-2 4 51.24 443.80 2.28 97.09 2.001 324.54 1.197 
WC-3b-3 2 51.24 459.27 2.28 48.54 1.000 324.85 1.238 
WC-3b-4 2 51.24 466.28 2.28 48.54 1.002 324.17 1. 249 
WC-3b-5 4 51.24 460.22 2.25 96.15 0.996 322.96 1. 254 
WC-3b-6 4 51.24 480.34 2.28 97.32 0.995 327.33 1.281 
WC-3b-7 6 51.24 466.28 2.28 145.63 1.002 324.17 1.260 
WC-3b-8 6 51.24 459.74 2.27 144.93 1.001 322.80 1.255 
WC-3c-1 4 51.24 1107.14 2.27 96.62 0.508 321.06 2.860 
WC-3c-2 4 51.24 1151.00 2.27 96.85 0.511 320.10 2.995 
WC-3c-3 4 51.24 1161. 23 2.29 97.56 1.008 323.61 3.150 
WC-3c-4 4 51.24 1050.02 2.28 97.09 1.008 322.04 2.698 
WC-4a-1 4 43.66 1432.05 2.07 105.82 1.013 319.76 4.550 
WC-4a-2 4 43.66 1284.40 2.07 105.82 1.003 322.99 4.044 
WC-5a-1 4 43.66 534.02 2.06 105.54 1.018 272 .16 2.268 
WC-5a-2 4 43.66 584.59 2.06 105.54 1.014 273.25 2.479 
WC-6a-1 4 43.66 180.00 2.08 106.10 1.012 196.63 1.645 
WC-6a-2 4 43.66 186.96 2.07 105.82 1.011 196.16 1.670 
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TABLE 20 
COMPARISON OF TESTED AND COMPUTED WEB CRIPPLING LOADS 
Beam 
(P) test (P) comp (P u\est Specimen 
(P) comE No. (kiEs/web) (kiEs/web) 
WC-1-1 1.625 1. 769 0.919 
WC-1-2 1.640 1. 745 0.940 
WC-1a-1 1.780 1.825 0.975 
WC-1a-2 1.810 1.800 1.006 
WC-lb-1 1.790 1. 815 0.986 
WC-1b-2 1. 735 1.829 0.949 
WC-1c-1 1.870 1.835 1. 019 
WC-1c-2 1.895 1.827 1. 037 
WC-1d-1 1.490 1.471 1.013 
WC-1d-2 1.480 1.450 1.021 
WC-1d-3 1.910 1.830 1.044 
WC-1d-4 1.980 1.811 1. 093 
WC-2-1 1.660 1. 727 0.961 
WC-2-2 1. 740 1. 735 1. 003 
WC-2a-1 1. 750 1. 718 1. 019 
WC-2a-2 1. 760 1. 723 1.021 
WC-2a-3 1.280 1.399 0.915 
WC-2a-4 1.300 1.350 0.963 
WC-2a-5 2.050 2.074 0.988 
WC-2a-6 2.080 2.060 1.010 
WC-2b-1 1.810 1. 741 1.040 
WC-2b-2 1. 790 1. 710 1.047 
WC-3-1 1. 710 1.684 1. 015 
WC-3-2 1.740 1.700 1.024 
WC-3a-l 1. 770 1. 662 1. 066 
WC-3a-2 1.760 1.660 1.060 
WC-3b-1 1.610 1. 651 0.975 
WC-3b-2 1.640 1. 652 0.993 
WC-3b-3 1.260 1. 329 0.948 
WC-3b-4 1.270 1.332 0.954 
WC-3b-5 1.610 1. 681 0.958 
WC-3b-6 1.630 1.646 0.990 
WC-3b-7 1.980 1. 978 1. 001 
WC-3b-8 1. 990 2.000 0.995 
WC-3c-1 1.890 1. 671 1.131 
WC-3c-2 1.960 1. 661 1.180 
WC-3c-3 1.660 1.646 1.009 WC-3c-4 1.670 1.660 1.006 WC-4a-1 1.140 1. 319 0.864 WC-4a-2 1.220 1. 317 0.926 WC-5a-1 1.280 1. 367 0.938 WC-5a-2 1.290 1.365 0.945 WC-6a-1 1.430 1. 417 1.009 WC-6a-2 1.490 1. 424 1.046 
Mean 1.000 Standard Deviation 0.056 
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Figure 3. Buckling Coefficient for Simply Supported 
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Figure 5. Variation of the Maximum Buckling Coefficient Versus the Location 
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Figure 8. Buckling Coefficient for Simply Supported 
















BB ~ ______ .w._. ____ . 82 
---- ----
=r~1 d~ 
HI (> ~ H2 
.~ ~-" 
N.A. 
01 -_. ._-_.----._. -- 02 
R 
~___ J[d2 d~ _. ____ ~ ~-~-~~~-------.~~~~-
B3.1 1_ B4 J 







82 L BAR lIB x 3/4 IN. 83 
























I I I I 
I I I r I I 
I I I I 
I I I A 1,1 A2 'I 
I : I-r--, f 
I I I~ I 
I I IN A3 A4 : 
I F! __ . __ :. _. JeD -i- -!! -.-------<t OF 
I I ",. . F2;, I
II ~1/4" I, I' ---! 1<-1/4" 
I ~ l 
: r I A5' AS I 
I I I I 
I I I I 
I ; I I 
I I I~ J' 
LLII_---J1A,---_ ... ~ 
SPAN 
1 r 
81 82 l1/4" F2i --
-
11 U WI I~JL I I 10 
< 70 20 lL W3 W4 2 I .3D 
4 






















P = 9.90 kips 
..e. 
2 










b. <~;:!.i'i.1 is:: ,P .::,.50 kips 










DISTANCE AL.ONG TH E WE B, 1 N • 
7.50 kips = 0 bserved Buckling Load 
7.54 kips = Theoretical Buckling Load 
9.90 kips = Failure Load 
Scale 
o 1.5 3.0 
• ! I 


































I P = 9.90 kips 
P = 7.54 kips 
P = 7.50 kips 
Initial '" 
DISTANCE ALONG THE WE B, IN. 
7.50 kips = Observed Buckling Load 
7.54 kips = Theoretical Buckling Load 
9.90 kips': Failure Load 
Sca Ie 
o 1.5 3.0 
I ' f 
























,_ 57.0n.~ fD/2 
.f. 
2 
0.8 I P = 9.9 kips 
-Initial 
0 
DISTANCE ALONG THE WEB. IN. 
0.8 
.7.!50 kips = Observed Buckling Load 
7.54 kips;; Theoretical Buckling Load 
f,8 L. 9.90 kips = Failure Load 
Scale 
o 1.!5 3.0 















u.. ~ LLJ 
C 
0 
.J ~ c:( cr: 
LLJ 





30/4 I'" -.. - t 
/---p = 9.90 kips 
j 
p = 1. 54 kips~ P=7.~ Initial 
DISTANCE ALONG THE WEB, IN . 
Scale 
0 1.5 3.0 
7.50 ki ps = Observed Buckling Load I I I 
7.54 kips = Theoretical Buckling Load 
9.90 kips = Failure Load 















°1 ,. :c I-0 Q.. 
I.&J 
0 
" " II 
" I I 
DEFLECTION, IN. 
1.0 






P = 7.54 kips 





7.50 kips = Observed Bucking Load 
7.54 kips = Theoretical Buckling Load 
9.90 kips = Failure Load 
Figure 22(f). Web Profile of Bending Test Specimen No. B-4c-1 
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Figure 23. Effect of Longitudinal Stiffener Rigidity on the Ultimate Moment Capacity 
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Figure 24. Effect of Longotudinal Stiffener Rigidity on the Ultimate Moment Capacity 
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Figure 25. Effect of Longitudinal Stiffener Rigidity on the Ultimate Moment Capacity 
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Figure 31. Relationship Between the Tested Postbuckling Strength 
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Figure 34. Cross-Section Dimensions for Shear Test Specimens 
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Figure 35. Location of Strain Gages for Shear Test Specimens 
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Figure 44(a). Web Profile of Shear Test Specimen No. SH-7-1 
at Cross-Section a-a 
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Figure 44(b). Web Profile of Shear Test Specimen No. SH-7-1 
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Figure 44(c). Web Profile of Shear Test Specimen No. SH-7-1 
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Figure 44(d). Web Profile of Shear Test Specimen No. SH-7-1 
at Cross-Section d-d 
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Figure 44(e). Web Profile of Shear Test Specimen No. SH-7-1 
at Cross Section e-e 
r HYDRAULIC JACK 
re' 
LONGITUDINAL LOAD CE LL 
STIFFENER \ 
1 1- -I N TRANSVERSE --I --I STIFFENERS 
I' ~ ~ I~ 
l' I 4" J Q j 4" .1 J 










LATERAL DEFLECTION, IN. 
0.1 o 


















1---- p:; I. 50 kips 
-Failure Load 
p 































I. 0 ___ .L.-__ .....1-. _____ -L. _____ ---' 
1.0 1.5 2.0 2.5 
(Pu )comp 1 kips 
Figure 49. Correlation Between the Tested and Computed 
Ultimate Web Crippling Loads 
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ERRATA 
Webs for Cold-Formed Steel Flexural Members 
Structural Behavior of Longitudinally Reinforced Beam Webs 
(UMR 78-6) 
July 1978 
The following corrections should be made in the final report, UMR 78-6, 
dated July 1978: 
(1) 
(2) 
Page 31 (19th and 20th lines) 
"---- indicates that this ratio varies from 0.736 to 1.180 and has a 
mean value of 0.869 and a standard deviation of 0.103.-----" 
Page 32 (3rd and 9th lines) 
" ___ by the ratio (P ) I (P ) w ----" 
u test cr theo 
"----varies from 0.887 to 1.514." 
(3) Page 37 Equations 35, 36, and 37 should be revised to read as follows: 
-3 h 5.26(10 ) t - 0.490 
1.12 - 0.08 wit (w/t)l' ' 1m 
wit 
U = 0.24 + 0.50 (F 133) 3 y 
when 
(4) Page 38 (10th and 11th lines) 
(35) 
__ wJ-l.=t__ 2 
I ) <.0 (w t l' 1m 
(36) 
(37) 
tI----range from 0.959 to 1.030 and have a mean value of 0.995 and a 
standard deviation of 0.019." 
(5) Page 41 Equation 43 should be revised to read as follows: 
u l = 5.26(10-
3) ~ - 0.490 (43) 
(6) Page 42 Equations 44 and 45 should be revised to read as follows: 
1.12 - 0.08 (w/t)/(w/t)l' < 1.04, when (w/t)!(w!t)l' < 2.0 1m - 1m 
0.96, when (w/t)/(w/t)l', > 2.0 
1m 
U3 = 0.24 + 0.S(Fy /33) 
(44) 
(45) 
(7) Tables Tables 7 (pp. 85 and 86) and 10 (p.89) should be revised 
as attached. 
(8) Figures Figures 30 to 33 should be revised as attached. 
TABLE 7 
COMPARISON OF EXPERIMENTAL AND THEORETICAL DATA FOR BENDING 
TEST SPECIMENS HAVING ADEQUATELY STIFFENED HEBS 
Beam (P ) W (P ) f (P ) 
(P ) W (P / (P) (p ) (P ) 
cr test cr test y test u test u test 
Specimen cr thea cr theo y thea (P ) W (P ) f (1' ) (P ) W (P ) No. in kips in kips in kips cr theo cr thea y thea cr thea y thea 
. (1) (2) (3) (4) (5) (6) (7) ( 8) (9) 
B-1c-1 9.58 0.887 0.969 
B-1c-2 9.58 0.903 0.943 
B-1d-1 9.54 0.900 0.959 
B-1d-2 9.54 0.928 0.970 
B-2d-1 9.69 10.86 0.903 0.897 1.035 0.924 
B-2d-2 9.95 10.92 0.854 0.897 1.044 0.951 
B-2e-1 9.97 10.92 0.928 0.925 1.042 0.951 
B-2e-2 9.98 10.95 0.902 0.913 1.038 0.946 
B-3c-1 9.02 13.21 0.804 1.213 0.828 
B-3c-2 9.06 13.35 0.855 1.248 0.847 
B-3d-1 8.79 31.15 0.967 1.254 0.838 
B-3d-2 8.96 31.24 0.9[19 1.243 0.841 
B-4c-1 8.22 8.06 12.11 0.852 1. 02[1 1.204 0.818 
B-4c-2 8.49 8.44 12.47 0.736 0.918 1.147 0.781 
B-5a-1 9.50 17.29 0.895 1. 514 0.832 
B-5a-2 9.53 17.23 1.180 1.491 0.825 
B-6a-1 6.53 0.911 0.965 
B-6a-2 6.57 0~904 0.950 
B-7a-1 8.21 7.64 0.822 0.916 0.910 0.978 
B-7a-2 8.22 7.50 0.760 0.933 0.887 0.972 
B-8a-1 6.31 8.07 0.951 .1.144 0.895 
B-8a-2 6.27 8.02 0.877 1.140 0.892 
B-9a-1 10.43 15.37 0.771 1.136 1.184 0.804 (Xl 
B-9a-2 10.44 15.32 0.672 1.123 1.161 0.791 
VI 
Beam (p ) W 
cr thl'o Specimen 
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COMPARISON OF TESTED AND COMPUTED ULTIt1ATE MOMENT CAPACITIES 
FOR BENDING TEST SPECIMENS BASED ON THE POSTBUCKLING STRENGTH METHOD 
f , in S' in M =S'f (M) =¢M S , in F , in M =S F (M) --- (M) , 
cr x' cr x cr u cr cr x y y x y' u test u test 
Beam kips per cubic in <P in cubic kips per in in (M )* 
Specimen square inches inch-kips inch-kips inches square inch-kips inch-kips u camp 
No. inch inch 
( 1) (2) (3) (4) (5) (6) (7) ( 8) (9) ( 10) (ll) 
B-2d-1 43.83 3.87 169.62 1.042 176.74 3.71 51.24 190.10 175.53 0.993 
B-2d-2 44.67 3.90 174.21 1.027 178.91 3.73 51.24 191.13 181. 83 1.016 
B-2e-1 44.29 3.94 174.50 1.033 180.26 3.73 51.24 191.13 181. 83 1.009 
B-2e-2 44.33 3.94 174.66 1.032 180.25 3.74 51. 24 191.64 181. 30 1.006 
B-3c-l 33.55 4.84 162.38 1. 265 205.41 4.64 51. 24 237.75 196.92 0.959 
B-3c-2 33.55 4.86 163.05 1.265 206.26 4.69 51.24 240.32 203.58 0.987 
B-3d-l 32.82 4.82 158.19 1.284 203.12 4.62 51. 24 236.73 198.36 0.977 
B-3d-2 33.31 4.84 161.22 1.271 204.91 4.65 51.24 238.27 200.52 0.979 
B-4c-1 31.03 5.96 184.94 1.190 220.08 5.72 47.63 272.44 222.75 1.012 
B-4c-2 31.15 6.13 190.95 1.189 227.04 5.89 47.63 280.54 219.15 0.965 
B-5a-l 26.99 5.6] 151. 95 1.470 223.37 5.40 51.24 276.70 230.08 1.030 
B-5a-2 27.03 S.64 152.45 1.468 223.80 5.38 51.24 275.67 227.36 1.016 
B-7a-1 44.85 2.93 131. 41 1.000 131.41 2.80 43.66 122.25 ll9.52 0.978 
B-7a-2 45.98 2.R6 131. 50 1.000 131. 50 2.75 43.66 120.07 116.64 0.971 
B-8a-1 32.40 3.7') 119.88 1.150 137.86 3.51 43.66 153.25 137.18 0.995 
B-8a-2 32.38 3.68 ll9.16 1.151 137.15 3.49 43.66 152.37 135.85 0.991 
B-9a-1 33.34 5.6'3 187.70 1.187 222.80 5.40 51.24 276.70 222.30 0.998 
B-9a-2 33.43 5.62 187.88 1.183 222.26 5.38 51.24 275.67 218.16 0.982 
H-la-l 32.37 3.99 129.16 1.197 154.60 3.83 51. 24 196.25 153.60 0.994 
H-1a-2 32.83 3.98 130.66 1.185 154.83 3.82 51. 24 195.74 157.12 1.015 
H-2a-1 32.43 3.98 129.07 1.196 154.37 3.80 51.24 194.71 156.80 1.016 
H-2a-2 32.04 4.01 128.48 1. 206 154.95 3.80 . 51. 24 194.71 154.24 0.995 
* The value of (M ) is determined by (M) or M whichever is smaller. Mean 0.995 
. u comp u cr y Standard Deviation 0.019 
The values of Sand S' were computed on the basis of F and f , respectively. 
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Figure 31. Relationship Between the Tested Postbuckling Strength 
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Figure 33. Correlation Between the Computed and Tested Postbuckling 
Strength Factor 
